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PREFACE 


his work of Walther Penck's was published posthumously by his 

father, the famous geographer Albrecht Penck. The latter's preface 
points out that for ten years his son had been carrying on his investiga- 
tions into the course of crustal movements, making use of the earth's 
surface forms as starting point. In 1921 he termed this method morphalo- 
gical analysis. A letter, written in 1922, outlined his plan for,a projected 
work, larger than what he actually accomplished before his early death 
in 1923. 

The first chapters have the. titles found in the present book—up to 
‘Development of Slope’, He wrote *. , . development of the entire slopes 
and their dependence upon the downcutting of running water... 1 
thought of then continuing with erosion by running water. But that. will 
not do, since the work of running water depends not only upon the 
water, but more especially upon the gradient down which it flows: and 
the gradient is dependent upon the movement of the earth's crust. If this 
rises rapidly, the angle of inclination is great (since the area concerned 
then rises hugh above its surroundings), if it risea slowly, the angle of 
inclination is produced slowly, and remains slight, Thus, dealing with 
erosion, I have already come to the crustal movements which were to be 
my goal; and so 1 am compelled, like my predecessors, to go straight 
from the whole collection of the earth's land forms to the cristal move- 
ments, when I have not yet described the way in which those forms are 
to be observed. "hat will not do, What is this callection of forms? What 
does one sce in mountains, in Swabia, etc., over the whole world? 
Surfaces, denudational slopes, make up the whole set of land forms, And 
it is where the surfaces meet downwards in valleys, that the rivers are to 
be found. "Thus what we see is emphatically not the vertical incisions 
produced by running water, but only slopes which develop upwards, 
with a defmite form, from the eroding rivers, r/ri/st these are eroding. 
In brief: what is seen at the earth's surface is not land forms due to 
erosion, bur merely a relicf produced solely by the dev ‘clopment of 
slopes. This slope development, however, is not possible hy itself. but 
presupposes simultaneous downcutting by rivers, The eroding river 
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creates the vertical distance between the height and the valley bottom: 
denudation, however, creates the slope, the material surface, which 
actually unites valley bottom with high-lying part. It thus follows thatr— 
after the slope development and its dependence upon erosion have been 
treated—the description of the land forms, i.e. of the relief of the earth's 
surface, must logically come next. It belongs organically to the investiga- 
tion of the slopes, and not to that of erosion, There is no need whatever 
to know how erosion works, how it depends upon the movements of the 
earth's crust, in order to be able to describe the manner in which slopes 
are combined into a wealth of land forms, into form associations. 'This is 
controlled by laws, as comes out clearly in a presentation kept free from 
any interpretation. A presentation of the land forms found on the earth 
is no easy task! It could not be accomplished were there not quite 
definite relief types occurring in quite definite areas of the earth. I have 
now just finished the treatment of those types which are characteristic 
of the monotonous continental regions—such as Africa, Australia, ete.— 
and furthermore of the regions of uplift within those areas (e.g. the type 
of the German Highlands, with the Scarplands; this type is repeated all 
over the earth in zones of analogous structure). I am about to contrast 
these phenomena with what is to be seen in the mountain belts (these 
are the zones of mountain chains which border the Mediterranean Sea 
continuing across south and central Asia to the Pacific Ocean, and the 
analogous belt that surrounds the Pacific Ocean . . .), In this way I shall 
come to erosion, and after that to crustal movements. It will then be 
relatively easy and simple, since there is a logical connection; the relief 
type described, X, signifies a certain thing as regards crustal movement: 
that is to say, only on a crustal unit of the earth which moves in this 
quite definite way can that relief type X come into existence. This, 
therefore, indicates to me what course the crustal movements take. I en- 
visage it in this fashion, and I think of fitting in detailed treatment of 
definite regions, eg. the Black Forest—Albh—Alps—certain charac- 
terestic forms of Central Asia, of the Andes, etc. This would serve not 
only as-an illustration of how to apply the whole method and the results 
that can be obtained from it, but also to present a picture of the types 
of crustal movement and their distribution over the earth. In this cy]- 
minating chapter, wide and surprising vistas will appear leading towards 
the causer of crustal movement, It is to this fundamental problem. of 
geology that I intend to devote the whole of my labours, possibly to the 
end of mv life,” 
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Then follows a long account of Walther Penck’s life, which is here 
summarised, 

He was born in Vienna on the 30th August, 1888, He developed into 
a first class mountaineer, his earliest considerable climb being at the age 
of eight when he accompanied his father on a scientific expedition, Aus- 
trian: schools provided good training in Natural Science: and he was 
specially fortunate in having as teacher Pau! Pfurtscheller, onc of those to 
whom he dedicated this book. When his father left the University of 
Vienna for that of Berlin, Walther Penck began his university studies 
there—to be interrupted by a visit to the United States of America, 
where he followed further courses whilst his father was delivering Jec- 
tures. They travelled extensively; and under the guidance of G. K. 
Gilbert saw the earthquake fissure at San Francisco. ‘The return journey 
was via Hawan (where his deep interest in the volcanic phenomena 
decided the young man to become a geologist), Japan, north China and 
Siberia. Berlin University was soon exchanged for Heidelberg, as being 
better suited to the line he wished to pursue. After graduating, he studied 
further at Vienna. 

In 1912 he became geologist to the Direccién General de Minas in 
Buenos Aires. His mountaineering training stood him in good stead as, 
with merely the tngonometrical points supplied, he mapped 12,000 5tj. 
kms. in north-west Argentina, and made a reconnaissance across the 
whole width of the Andes. 

While home on leave in 1914, war broke out, and he served for a while 
with the German army in Alsace. The report made on his first year's 
work at the southern edge of the Puna de Atacama had meanwhile 
qualified him for a post in the Department of Geology at Leipzig Uni- 
versity. But towards the end of 1915, Turkey being under the influence 
of the Central Powers (to whom she had allied herself), he was appointed 
Professor of Mineralogy and Ceology at the University of Constan- 
tinople (Istambul), In rgr6 he investigated the coal deposits of the 
Dardanelles, as well as visiting the Bithynian Olympus (Ulu Dag) with 
a party of students. In 1917 he added to his duties those of a Professor- 
ship at the Agricultural College of Halkaly on the Sea of Marmora. But 
recurrences of malaria, after a visit to the southern coast of Anatolia. 
made a return to Germany necessary in the summer of 1918: and the 
conclusion of the war prevented him from getting back to Constan- 
tinople. Me became an unsalaried teacher (Prinatdozenf), with the title of 
Professor, at the University of Leipzig, and had a paid lectureship in 
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Surveying (topographical and geological). He worked at the results of 
his researches in the Argentine sierras and in Anatolia, and spent a good 
deal of time tramping the German Highlands with his wife—the Fichtel- 
gebirge, the "Thuringian Heights, the Franconian and Swabian scarp- 
lands, the Harz and the Erzgebirge, as well as visiting the Eastern Alps. 

The value of money became less and less, and his Argentine savings 
were at an end. It was found javer that he endured considerable priva- 
tion. But he refused more lucrative posts that would have prevented him 
from continuing his research and preparing for publication the results 
and his views on them. Conditions were slightly better after the end of 
1921 when he recovered some of his property from ‘Turkey, But by then 
he was already far fromm well, though he made further expeditions, the 
last being to check his observations in the Black Forest. On 29 Septem- 
ber 1927, he died of cancer (in the mouth), leaving a widow and two 
small sora. 

He was only 35. W. Salomon, the professor under whom he had 
graduated, wrote to his father of the high hopes they had entertamed 
that he would have lived to become one of the world’s leading geologists. 

in reading the Morphological Analysis, it has to be remembered that 
it is only part of a projected larger work. Nevertheless, he considered 
this part to be complete, so that Albrecht Penck published it as it stood, 
without any editing. The author had dedicated his work to Albrecht 
Penck and Paul Pfurtscheller, his ‘two teachers in the art of observing 
nature’, 

A list of Walther Penck’s publications will be found on pages 35211, 


Ten years or so ago a number of American geomorphologists engaged 
in a co-operative effort to provide a synoptic translation of Die Morpho- 
lopische Analyse. Some progress was made; but the project came to a halt, 
partly because Professor O. D. von Engeln, Comell University, who 
was promoting the enterprise, learned of our work on a full translation, 
and generously suggested that its success would be a happy solution and 
should have American encouragement. 

The object of the translators has been to give a3 exact a rendering as 
possible of an important work which it has not been easy for English 

speaking students to assimilate, on account of its difficult and sometimes 
obscure style and its use of unfamiliar terminology, 
In view of the controversial nature of some of Walther Penck’s views, 
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the translators have felt it right to keep very closely to his own wording, 
even at the coat of some verbosity and repetition, However, summaries 
of each section have been prepared, and will be found-at the end of the — 
book (pp. 355 1f.); so that readers cun find relatively quickly the parts 
which they wish to study in detail in the full text. 

The English expressions for the terms coined by W. Penck will be 
found in the Glossary, as well us other words for which students may 
wish to know what was in the original. | 

Our grateful thanks are tendered to various members of University 
College, Southampton: to the late Professor O. H. 'T. Rishbeth, whose 
influence stimulated the desire to understand this book: to his sticcessar 
as Head of the Department of Geography, Miss F. C. Miller, for en- 
couragement and constructive criticism; and to the staff of other depart- 
ments for their gssistance with doubtful points. We also wish to express 
gratitude to Professors Alan Wood, A. A, Miller, J. E. Kesseli, P. G. H, 
Boswell (and through him, Professor Reid), the late Professor |. Sétch 
‘and others for kind help over specific difficulnes. 

We are particularly indebted to the late J. F. N. Green, F.G.5., who 
spent much time during the last year or so of his life in reading through 
the whole script (whilst one of us was albroad), making valued comments 
and suggestions. 

Some mistakes may thus have been avoided. For any that remain, 
responsibility must of course rest with us. 





H. Czech 
K. C. Boswene 


KATHARINE CUMMING BOSWELL 
188g-1952 

This book was still in the proof stage when, ta the deep 
regret of all concerned with its production, the news 
was received that Miss Boswell had died of heat stroke at 
Beni Abbés on September 19th, 1952, while attending 
the Nineteenth International Congress of Geology in 
Algiers: The tragedy of ber death before she could 
see her work completed 1 ig heightened by the fact that 
it occurred on a journey into the Sahara, where she was 
trying to resolve some of the controversial points 
raised by Penck in his diacussion of desert conditions, 
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CHAPTER I 
INTRODUCTION 
t. NATURE OF ‘THE PROBLEM 


4,” tudy of the morphology of the earth's surface has developed as a 

borderland science linking geology and geography. The reason for 
this is the knowledge that land forms owe their shape to the processes of 
destruction which engrave their marks on the solid structure of the 
earth’s crust; and that the properties of this crust decide the details of 
the sculpturing, as well as the arrangement in space of the individual 
forms. Its immediate purpose being to explain the origin of the multi- 
farious land forms which appear at the surface of the earth, morphology 
very soon had a specially close connection with geography; and today, it 
is considered an integral part of geography proper, the study of the 
earth’s surface, and treated as such’, ‘Thus work an morphological prob- 
lems has been overwhelmingly, though not exclusively, in the hands of 
geographers; and there has been scarcely any attempt to go beyond the 
aims prescribed by geography. 

The material of morphology, however, contains within itself prob- 
lems which reach far beyond the limits set by geography, and are 
neither exhausted nor solved by a genetically based description of the 
surface forms of the planet. The sigmficance of these problems lies in the 
realm of geology; and their solution seems reserved for general geolog 
especially physical geology. The problem ts that of crustal movement, 

To see the matter more clearly, we must examine the character of the 
main and fundamental question of morphological science. However 
keenly geology and geography may be interested in the solution of this 
question as to the origin and development of land forms, the problem is . 
neither specifically geological nor geographical, but ts of a physical 
nature’. This results from the relationship and interdependence of those 
forces, or sets of forces, which produce the surface configuration of 
our planet. ‘The destructive processes sculpturing the land, all of them 
together included in the concept ‘exogemetic’ forces, cannot become 
effective until the earth's crust offers them surfaces of attack, until it is 
exposed to them, Parts of the crust covered by the sea are as much pro- 
tected from the sculpturing forces us are those parts of the dry land 
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which are being not destroyed but built up. Here, as there, material is 
not being removed from the earth's crust, but is being piled up on it in 
the form of rock strata; no unevennesses, no definite relief, are being 
created, but any unevenness of the crustal surface is being levelled up as 
by freshly falling snow. The activity of the destructive forces is limited 
to those parts of the earth which rise above these zones of deposition. 
Thus the indispensable prerequisite for attack by exogenetic processes 
of destruction is the activity of those endogenetic forces, originating within 
the planet, which are responsible for raising individual portions of the 
erust above sea level, and which, on dry land, raise individual blocks 
above their surroundings, in general create upstanding parts, thus 
giving rise to the altitudinal form of the earth's surface. Leaving aside 
endogenctically-caused volcanic accumulation (which attains morpholo- 
gical importance only to. a modest extent, is limited to a few localities, 
and moreover has its further fate determined by that of its substratum), 
the endogenetic processes consist of movements of the earth's crust. In 
view of our present geological experience, their existence requires no 
further proof. The fact that we know of no piece of land which has not 
been once or several times submerged below sea level, is by itself striking 
evidence. Adequate proof that it is a matter of movement of the solid 
land and not fluctuations of sea level is this: the displacements of level 
which are of morphological significance, i.c. those which determine 
present altitudinal relationships on the earth, have never been of a corre- 
sponding amount everywhere on the earth's surface, now or at any other 
: B | 


‘The earth's surface is not only a limiting surface between different 
media, nor merely a surface of section giving the desired information 
about the structure of the earth's crust; tf ts @ kemeiting surface beteoren 
different forces working in opposition to one another, Both produce dis- 
placements of the rock material: the endogenetic forces displace it by 
raising parts of the earth's crust above their surroundings, or sinking 
them below these—at present it does not matter whether the direction 
of the forces is vertical or otherwise, so long as they lead to vertical 
displacement of level at the planetary surface; the exogenetic forces dis- 
place it by transporting solid material along the earth’s surface, In the 
latter case, the transference usually takes place from higher to lower 
parts, the motive power always being the force of gravity. The endo- 
wenetic transference of material, on the other hand, is independent of 
the force of gravity. It is manifestly against gravity that magma reaches 
the crust and even the surface. On this contrast depends the characteristic 
af mutual opposition between endogenetic and exogenetic processes. The con- 
flict goes on at the surface of the crust and it finds its visible expression 
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in the tendency—long recognised—for exogenetic transference of 
material to lower the projecting parts of the land and to fill in depressions, 
in short to level, to remove any unevennesses which the endogenetic 
processes have created and are still producing on the crustal surface, 

Thus the earth's surface is a field of reaction between opposing forces, 
and the effectiveness of the one depends upon the preceding activity of 
the other. On all surfaces so conditioned as to be the scene of inter- 
action between opposing and mutually dependent forces, there is a 
tendency fora physical equilibrium to become established. ‘This obtains 
when both forces do the same amount of work in unit time, ie, when 
they work at the same rate or have the same intensity, Accordingly, 
there ig equilibrium at the earth's surface when the exogenetic and the: 
endogenetic processes, when uplift and denudation, subsidence and de- 
position, take place at the same rate; and not only when—as 1s generally 
assumed—both processes have died out, and their intensity is conse- 
quently zero, 

The visible results of endogenetic and exogenetic influences at the 
earth's surface are forms of denudation on the one hand, and, on the other, 
the correlated deposits* which are formed simultaneously, The two stand. 
in a similar relation to the forces producing them as do the cut surface 
and the sawdust that are formed when a log is pushed against a rotating 
circular saw. It is clear that very different forms develop according to 
whether denudation is acting more slowly than uplift, more quickly, or 
at the same rate: and so whether the ratio of the intensity of exogenetic 
to that of endogenetic activity works against the former or in its favour, 
or whether there is a state of equilibrium. Therefore it is possible to see 
plainly in the forms of demidation not merely the results of endogenetic 
and exogenetic transference of material; but even more that they owe 
their origin and their development to a relationship of forces, fo the ratio 
of intensity between exogenetic and ondogenetic processes. 

The physical character of the morphological problem comes out 
clearly, The task before us is to find out not only the kind of formative 
processes, but also the development of the ratio of their intensities with 
respect to one another. None of the usual geological or specifically 
morphological methods is sufficient for the aolution of this problem. As 
is now self-evident, it requires the application of the methods of physics. 

Which physical methods are concerned, and at what stage in the 
morphological investigation they not only may, but must, be applied, 
follows from the nature of the three elements which together form the 
substance of morphology. 
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2. BASIS, NATURE AND AIM 
OF MORPHOLOGICAL ANALYSIS 

These three elements are: 

1. the exogenetic processes, 

2, the endogenetic processes, 

3. the products due to both, which may here be collectively called 
the actual morphological features. 

It is well known that the evogenettc forces are at work over the whole 
earth, in all climates, hey consist of two processes, the onset and the 
course of which are fundamentally different, ‘The one has already been 
characterised elsewhere as a process of preparation: the reduction® of rock 

qmaterial, By this is to be understood all the processes which lead to a 
loosening of the solid rock texture, to disintegration of the rocky crust so 
that it becomes changed into 2 mobile form, transportable, Climate and 
the type of rock are what decide in the first place the nature and the 
course of the reduction, the rendering the material mobile. The struc- 
ture of the carth’s crust, which determines the world distribution of rock 
types, is therefore just as important for morphology as the world distri- 
bution of different climatic conditions. 

~ Rock reduction alters the composition and texture of the material. It 

does not produce denudational forms, These do not appear until the 
reduced material has been removed: only when matter has been taken 
away froma body does it change its shape. Only if its composition and 
texture are altered does there arise what the mineralogist calls a pseudo- 
morph. Earth sculpture is due to exogenetic transference of material, The 
sum total of this constitutes denudation, Rock reduction is. an essential 
preliminary to its occurrence; the rock material must haye acquired a 
sufficiently mobile condition before there can be transport at all, cither 
of its own accord (spontaneous) or by the aid of some medium. The 
processes of denudation are, one and all, gravitational streams, obeying 
the law of gravity. Climatic conditions and type of rock influence the 
details of their further course, Their effects, therefore, are of different 
magnitudes in areas of differing climatic nature and differing geological 
make-up; nevertheless—and this must here be stressed in view of widely 
held misconceptions—they are not of different types, 

All the processes of denudation have, as gravitational streams, a non-uni- 
form: character—which, as will be shown, is in contrast to the processes 
of reduction. That is their fundamental property. ‘Their commence- 
ment, their course of development, take place before our eves. They 
can be observed in all their phases, and their systematic investigation 
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is thus possible everywhere on the earth, not only qualitatively—as 
has already been more or less fully done——but quantitatively, a matter 
which so far has been hardly attempted. Here there is a wide held of 
inductive research, as yet unworked. And it promises results of as great 
or even greater importance to morphology than those which that recent 
branch of knowledge, soil science, has already produced with regard to 
rock reduction. 

All the actual morphological features can, like the exogenetic pro- 
cesses, be directly observed, and are thus an object of inductive 
research. However, their limits must be extended far more widely 
than is customary. It is by no means enough to determine and to charac- 
terise the forms of denudation as they actually appear in their various 
combinations; the strattgraphical relations of the correlated strata, formed 
simultaneously, are of just a3 great importance. Their thickness and the 
way in which they are deposited on the top of one another, how they are 
connected with their surroundings in the vertical and in the horizontal 
direction, their stratification and especially their facies, reflect both the 
type of development in the associated area of denudation, and its dura~- 
tion, and they supplement in essential points the history recorded there. 
The position of this record in the geological time sequence depends 
entirely upon investigation of the correlated strata and their fossil con- 
tent. As a mule far too little weight 1 given to working on this strati- 
graphical material. Because of this, our knowledge about the actual 
morphological features is correspondingly scanty. True, we must take 
«nto account that these are not, like denudation, for instance, subject to 
one uniform set of laws; but that they are peculiar to each individizal 
part of the crust which will have undergone a special development of its 
own. They are individual in thetr character. 

This individuality is essentially dependent upon the way in which the 
‘activity of the endogenctic processes, particularly crustal movements, 





varies from place to place. Since crustal movements cannot be directly 
observed—with the exception of earthquakes—information about them 
is deduced from the effects they have produced. ‘These, however, are to 
be regarded merely as indications that crustal movements are taking 
place, and bear much the sare relation to them as the shaking of a train 
does to its forward motion, The passenger, now and then looking out 
from the window of the moving train, recognises its movement by the 
jolting and by the shifting landscape visible outside. The geologist 
recognises crustal movements by earthquakes and by disturbance in the 
stratification of rocks. The latter shows the earliest time at which the 
crustal movements took place at the given spot, and the total amount of 
disturbance produced up to the time of observation. But the conditions 
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of bedding give practically no clue as to what, during the penod of 
movement, was the distribution of the separate effects which add up to 
this total resulting disturbance; neither do they indicate the intensity of 
the crustal movement—whether it was rapid or slow—the changes of 
intensity im successive intervals of time—whether increasing or de- 
creasing, nor the course of the movement—whether continuous or by 
fits and starts, nor whether it is still continuing or came to an end in 
times past. Yet all these have often been assumed in a perfectly arbitrary 
manner. 

Crustal movements cannot be observed directly, and no adequate 
tectonic method is known for ascertaining their characteristics. Thus, 
in studying land forms, it is not permissible to make definite assump- 
tions as to their course and development, and to base morphogenetic 
hypotheses upon them. Moreover, it is perfectly clear that of the three 
elements—endogenetic processes, exogenctic processes, and the actual 
morphological features—dependent upon one another, in accordance 
with some definite law, like three quantities in an equation—it is the 
crustal movements which correspond to the unknown, about which 
statements can be made only as a final result of the investigation, not as 
one of the premises. On the other hand, it has been shown that each of 
the other quantities can be established by observation, completely and 
with certainty for each individual case. Their dependence upon one 
another, in conformity with some definite law, has already been recog- 
nised, and it will subsequently be further developed. The equation—to 
continue the simile—permits of an unequivocal solution. Morphological 
analysis is this procedure of deducing the course and development of crustal 
movements from the exogenetic processes and the morphological features. 

The function of this analysis of land forms, and its aim, is therefore 
geological, or more exactly, physico-geological. The first thing to be done 
is to state clearly and solve the problems of the origin and development 
of denudational forms. The present book treats this complex of prob- 
lems asa matter of physical geology, to which it organically belongs in 
virtue of its nature—as was emphasised at the beginning. Having found 
the outlines of its solution, we have a base from which to move forward 
to the ultimate aim of morphological analysis, as indicated above. Far- 
reaching possibilities open up from this point. As has already been more 
fully set out elsewhere?, the analysis of land forms gives totally different 
information about essential features of crustal movernent from that 
which geologico-tectonic research can find out from the structural 
characteristics of the earth’s crust. The two methods, the morphological 
one here developed, and the geologico-tectonic, supplement one another; 
at no point is one a substitute for the other. Only the two together supply 
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that sum of basic facts which affords a prospect of solving the main 
problem of general geology, the causes of crustal movements. This 18 a 
matter which does not seem to allow of a solution by any purely tectonic 
method: and so far any attempt to solve it upon this far too narrow basis 
has been of no avail. 


3. CRITICAL SURVEY OF METHODS 
(a) CycLe oF Eroston 

A first attempt in the direction of morphological analysis was the 
theory of the Cycle of Erosion developed by W. M. Davis*, Familiarity 
with it is here assumed. The cycle theory ‘has, it is true, a purely geo- 
graphical aim, viz, the systematic description of land forms on a genetic 
basis, which has been aptly called their ‘explanatory description’. Thus 
there was no direct attempt to discover more about endogenetic pro- 
cesses, Results in this direction have been obtained only by the way, and 
they were not meant for further use except so far as they were con- 
sidered to serve the explanatory description®. This totally different 
onentation of the setting of the problem does not in any way alter the 
importance for morphological analysis of the principle of the cycle con- 
cept. That principle is the idea of development, in its most general sense: a 
block, somehow uplifted, presents one after another, in systematic se- 
quence, forms of denudation which result from one another; and their 
configuration depends not only upon the denudation which is progress- 
ing in a definite direction, but also—as Davis himself suggested, though 
merely as a conjecture*—upon the character (the intensity) of the uplift. 

What has found its way into morphological literature as the cycle of 
erosion is what Davis expressly defined as a special case of the general 
principle, on¢ which was particularly suitable to demonstrate and to 
explain the ordered development of denudational forms. It is postulated 
that a block is rapidly uplifted; that, during this process, no denudation 
takes place; but that on the contrary, it sets.in only after the completion 
of the uplift, working upon the block which is from that time forward 
concetved to be at rest. The forms on this block then pass through suc 
cessive stages which, with increase of the interval of time since they 
possessed their supposedly original form, i.e. with increase of develop- 
mental age, are characterised by decrease in the gradient of their slopes. 

They are arranged in a series of forms, which is exclusively the work of 
denudation and ends with the peneplane*, the peneplain. If a fresh up- 
lift now occurs, the steady development, dependent solely upon the 
working of denudation, is interrupted; it begins afresh, e.g. the pene- 


[* See glosaary,| 
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plane is dissected. A new cycle has begun; the traces of the first are per- 
ceived in the uplifted, older forms of denudation. ‘Thus it has become 
usual to deduce a number of crustal movements, having a discontinuous 
jerky course, from the arrangement by which more-or less sharp breaks 
of gradient separate less steep forms above from steeper ones below, 

It was possible to draw this conclusion, in such a general form, only 
because the above-mentioned special case, chosen by Davis mainly for 
didactic reasons and developed in detail on several occasions, is usually 
taken as the epitome of the cycle of erosion, and is quite generally 
applied in this sense. Both Davis himself’ and his followers have made 
and still make the tacit assumption that uplift and denudation are sue- 
cessive processes, whatever part of the earth is being considered: and 
investigation of the natural forms and their development has been and is 
being made with the same assumptions as underlie the special case dis- 
tinguished above: There is, therefore, a contrast between the original 
formulation of the conception of a cycle of erosion and its application. 
Davis, in his definition, had m mind the variable conditions not only of 
denudation, but of the endogenctic processes; in the application—so far 
as we can sce, without exception—use is made only of the special case, 
with its fixed and definite, but of course arbitrarily chosen, endogenetic 
assumption. And criticism, with its justified reproach of schemuatisiny, is 
directed against the fact that the followers of the cycle theory have never 
looked for nor seen anything in the natural forms except the realisation 
of the special case which Davis had designated as such. Thus even 
opponents of the American doctrine have taken their stand not against 
the general principle of the cycle of erosion, but against its application; 
and they referred merely to the one special case that alone was used". 
Thus there seems throughout to have been a misunderstanding with 
regard to the cycle of erosion: its originator meant by it something 
different from what is generally understood, The way in which the 
theory is applied, the trend of the criticism it has received, hardly permit 
any doubt of this, Thus it is necessary to consider more closely the 
application of the eyele of erosion and the criticiam directed against it. 

As a method, the theory of the cycle of erosion introduces a completely 
new phase in morphology. Deduction, so far used only within the frame- 
work of inductive investigation, or as an excellent method of presenta- 
tion, has become a means of research. Starting from an actual knowledge 
of exogenetic processes, the cycle theory attempts to deduce, by a mental 
process, the land-form stages which are being successively produced on 
a block that had been uplifted, is at rest, and is subject to denudation. 
Not only is the order of the morphological stages ascertained by deduc- 
tion, but also the forms for each stage: and the ideal forms arrived at in 
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this way are compared with the forms found in nature. ‘There are two 
points in this method which must be considered critically: (a) deduc- 
tion a8 a means of investigation; and (6) the facts on which the assump- 
tions are based. 

To begin with, it is obvious that the ideal forms, which are supposed 
to develop on @ stationary block, can be deduced successfully only if 
there are no gaps in our knowledge of the essential characteristics of the 
denudational processes. Should this pre-requisite not be fulfilled, the 
deduction is nothing but an attempt to find out from the land forms 
alone both the endogenetic and the exogenetic conditions to which they 
owe their origin. It is like trying to solve an equation having three 
quantities, two of which are unknown; we can expect only doubtful 
results. The American school may be justifiably reproached with not 
considering It their next task to eliminate one of the unknown quantities 
by systematically investigating the processes of denudation all over the 
world, On the whole, their part in throwmeg light upon the exogenetic 
processes has been a very modest one. Yet this is not a decisive blow to 
the cycle concept, For amongst the “exogenetic’ assumptions made, 
there is no principle which has not been verified by experience, and 
criticiam by opponents has been unable to show any mistakes in. this 
field”. 

Till very recent times!, no one has even seriously examined the 
second or ‘endogenetic’ assumption of the applied cycle of erosion, 
namely, uplift and then denudation. On the contrary, morphologists of 
every school have generally started from the same assumption as soon as 
they came to discuss the problem of the development of land forms. 
Even the opponents of the American school have done this, and indeed 
tacitly still do so, even in those cases when they have completely dis- 
regarded any endogenetic influence on the forms of denudation, and 
have done no more than consider how the individual land forms might 
have arisen purely from the work of denudation: for instance, the way in 
which they depend upon rock material. Invariably they have started 
with a given fixed altitude for the crustal segment considered; that is, 
they have begun by considering uplift already completed and followed 
by a period of rest. 

Thus, up to now, it cannot be said that there has been any really 
well-grounded criticism directed against the factual assumptions of the 
evele of erosion. 

‘The second point waa the use of deduction as a method of morpholo- 
gical research—though of course in addition to induction and essentially 
based upon it. A. Hettner utterly and roundly repudiated the use of this 
for morphology". However, no such conclusion would be drawn from 
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Hettner’s remarks and his arguments. In these he deals with the con- 
cepts of Davis—which he considers are not precisely enough formulated 
—especially the concept of morphological age; further, he points out 
that inadequate attention has been paid to the character* of the rock 
and to the exogenetic processes; and finally he considers the application 
of the theory to specific cases. At one point only does he touch upon the 
problem of method, and that is when he levels the reproach against the 
cycle of erosion that it rests upon inadequate assumptions as to the exo- 
genetic processes. That reproach has aiready been considered above. 
But so far as the crosion cycle is concerned, this is only one side of the 
question; for, as has already been shown, it makes further very definite 
assumptions about the endogenetic processes. Apparently Hettner con- 
siders them. to be correct and admissible, since he does not examine them 
also, But the possibility that the deductive method used for the cycle of 
erosion may be based upon inadequate assumptions does not permit the 
passing of judgment upon the applicability of deduction itself to the 
whole sphere of morphological research"*. In addition, this statement 
may be made: In morphology, as tn any other branch of knowledge con- 
cerned with pitysical problems, deduction as a means of research is not only 
permissible, but also emperative; uniess we mish to renounce the greatest 
possible exactitude and completeness in the results, and to exclude our branch 
of learning from the rank of an exact science, a rank which it both can and 
should acquire in virtue of the character of the questions with which tt deals. 
It is merely a matter of finding out where, in the process of investigation, 
we should resort to the method of deduction; and above all making sure 
that correct and complete data are then provided for it. The provision of 
these is, as before, exclusively the domain of inductive observation; it 
only can accomplish this, the deductive process never. It is by no means 
the deductive character of the method itself which makes it impossible 
to go along the American way of applying the cycle of erosion, but the 
incompleteness and, as will presently be shown, the incorrectness of the 
assumptions made. ‘Thus. opposition to the deductive method aa a tool 
for use in morphological investigation has been unable to do serious 
harm to the theory of the erosion cycle, and it is not to be expected that 
it will ever succeed in doing a0. 

We now turn to the assumption made about endogenetic processes 
when applying the concept of the cycle of erosion. 


(4) ReLaTionsiir nerweex ENpOGeENETIC AND ExoGeyetic Processes 


Exogenetic and endogenetic forces begin to act against one another 
from the mornent when uplift exposes a portion of the earth's crust to 


[* See p. 19 for what this term comprises; or glossary.) 
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denudation. So long as uplift is at work, denudation cannot be idle. The 
resulting surface configuration depends solely upon whether the endo- 
genetic or the exogenctic forces are working the more quickly. Were 
there no denudation, a block, however slowly it 1s rising, might in course 
of time reach any absolute height; and its increase in altitude would be 
limited solely by the physics of the act of formation, provided that it is 
inherent in this not to continue indefinitely. It is rather like the way in 
which an impassable limit has been set to the increase in height of 
volcanoes by the extinction of volcanic activity, which often comes to 
an end prematurely, aa soon 98 @ certain height has been reached, 
because lateral effusions replace the summit eruptions. However, it is 
from the outset that exogenetic breaking-down at the earth's surface 
works against endogenetic building-up, Le. denudation works agamst 
uplift, in-filling by sediments against subsidence. It is easily to be under- 
stood that an actual elevation can come into existence only if uplift does 
more work in unit time, and so is working more rapidly, than denudation; 
a hollow appears only when subsidence takes place more quickly than 
sediment is supplied, than aggradation. Tus stale of affairs forms the 
substance of the fundamental law of morphology: the modelling of the earth's 
surface ts determined by the ratio of the intensity of the endogenetic to that 
of the exogenetic displacement of matertal™. 

A brief survey of the earth’s surface shows that this ratio very often 
changes, or has changed, to the pre} udice of the exogenetic forces; the 
accumulation of a volcanic cone is possible only because it takes place 
more rapidly than the removal by denudation of the accumulated 
material. Faults can become visible as unlevelled fault scarps, for in- 
stance in the zone of the rift valleys of East and Central Africa’, only 
when the formation of faulre takes place more rapidly than levelling by 
denudation, Generally speaking, the origin of any outstanding elevation, 
any mountain mass, is bound up with the assumption that mountain 
building is more successful, ic. works more rapidly, than denudation, 
Thus the varied altitudinal form of the land shows that in many cases 
the work of denudation is lagging behind the endogenetic displacement 
of material, here more, there less, or has done so mn the past. The one 
consistent feature, however, common to every region, 13 that the activity of 
exogenetic happenings ts subordinate to that of endogenetic processes, ‘This 
relationship, most impressively brought to the observer's notice by the 
different kinds of relief and the different altitudes occurring at the 
earth's surface, forms the basis of morphological analysis, For if the 
exogenetic forces are less active than the endogenctic movements, then 
their effect, the earth's whole set of land forms, must also in its main 
outlines accommodate itself to whatever law has its visible expression 
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stamped by crustal movement upon the face of our planet. Any change 
in kind or in intensity which these movements undergo must therefore— 
as has long been known—leave its traces upon the landscape. 

If the intensity of denudation consistently lagged behind that of the 
endogenctic movement, then in course of time a block rising in such a 
way could, even in spite of the exogenetic processes, reach any absolute 
height; though it would of course do so more slowly than if the earth 
were not subject to denudation. But the relationship is not an unchanging 
one. For, like all other gravitational streams, the processes of denudation 
increase in intensity with the gradient, in a definite manner to be dis- 
cussed later; and the gradient increases with the increase in vertical 
distance between summit and foot of the uplifted portion of the crust. 
This is true provided the Aorizontal distance between the two points is 
not at the same time proportionately increased; and, as a rule, it is not, 
Thus it was possible, even some decades ago, to formulate it as an em- 
pirical law, fundamentally correct, that intensity of denudation increases 
with absolute height, other things being equal. This means a shift in the 
relationship of the endogenctic to the exogenctic rate of working, in 
favour of the latter, and an ever closer approximation to physical equil- 
brium. ‘The actual attainment of the equilibrum could be prevented 
only where there was no limit to the tncrease in endogenetic movement, 
so that rising blocks would gain in height indefinitely. The insigni- 
ficance of the altitudinal modelling of its surface bears witness to how 
little such conditions obtain on the earth, an insignificance which is not 
clearly brought out, with distinctness, till comparison is made with the 
dimensions of the earth as a whole.. 

‘The above short survey shows that it 1s essential, when investigating 
the origin and development of denudational forms as they appear at the 
earth's surface, to ascertain the relationship between the intensity of the 
endogenetic and of the exogenetic processes, in short, between uplift 
and denudation; and it is necessary to follow out how this changes as 
time goes on. None of the present methods used im morphology brings 
us nearer to achieving this end; none even attempts to do so. The 
assumption generally introduced, that uplift and denudation were suc- 
cessive processes, or could at any rate be treated as such, has stood in 
the way. In this respect the only difference between the cycle theary and 
its opponents is that Davis made the above assumption in order to pro- 
vide a specially simple case, of particular use in illustrating the cycle 
concept; but, at the same time, he kept well in mind** the importance of 
concurrent uplift and denudation. To be sure, this was a notion of 
which he scarcely ever made use, and his followers never. Those of the 
other school, no less schematically, start in every case from the same 
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assumption; they, moreover, have occasionally tried to justify the 
general correctness and permissibility of such a course'*, It is as if they 
made use of a device familiar in schoo! physics, which is merely a make- 
shift for presenting im a physically correct manner the resultant of pro- 
cesses acting concurrently. This is a grave mistake in method. 

‘Tt is permissible to proceed in this way only in the case of umiform 
forces which, in successive units of time, produce effects that remain of 
equal magnitude. If, in a diagram such as Fig. 1, the co-ordinates ab 
and be represent the effects of simultaneous, uniform forces, the straight 
line ae represents the resultant effect during the whole process, In order 
to ascertain this, it is sufficient to follow the events first from @ to 4, 
then toc. 


(c) THe DirrerentiaL Meruop 

It is quite different, however, when forces acting simultaneously are 
not tniform, i.e. are changing their intensities in successive units of time 
and are therefore doing different amounts of work. To find out the 
resultant during the whole process, it is here necessary fo follow the 
course of Nature continuously, as was made possible in physics, where 
such problems are constantly cropping up, only by the invention of the 
differential calculus**; To make this clear, let us remind ourselves of the 
problem: to find the trajectory of a missile fired horizontally from a 
point. a (Fig, 1), As the effect of the firing, it would reach & but at the 
same time, under the influence of the force of gravity, it would drop 
down by the amount fc. To find point c, which the projectile reaches, it 
would really be sufficient to follow events first from a to 4, then from 
6 to ¢, that is to imagine the effects of the firing and of gravity as coming 
into play successively. The trajectory, however, has not been found in 
that way. It lies on @ curve of some kind between the initial and final 
points, between a and ¢. To determine it, we must find ‘out how the 
magnitude of the operating forces alters in successive exceedingly small 
units of time. This can be done by plotting a diagram of forces for each 
moment, asin our figure, c.g. ah'c!, a*bic?, , , a™h™e™, etc., ao that the 
simultaneous effect of the forces 1s represented by the very minute 
distances ac’, a8... a%c™, ete., as if they were uniform during these 
extremely short intervals of time and took place successively. ‘The error 
thus made becomes infinitesimally small, if the values chosen for the 
diagram are made infinitesimally minute; and this method, consisting of 

an infinite number of infinitely small variables, comes infinitely near the 
continuous course of Nature. This becomes clear if in our figure the 
triangles ah'c!, ath*c*, etc., are, as is necessary, made infinitely small; 
they then disappear completely i in the full line axe. Since the forces are 
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now changing from moment to moment, the very small distances ad", 
ab, etc. and bel, b%r*, ete, are thus of different lengths, and so the in- 
finitely smal! resultants ac', a*e*, etc., are also of different lengths and at 
different inclinations. Strung out after one another, they do not form a 
straight line, but bend ina curve: the trajectory axe which was to be 
found. This is the differential method, It is the only way that leads to our 
goal, which is the exact representation of the resultant of several simultaneous 
processes that are not acting uniformly during their course, 

The forces tchich take part in modelling the land do not act uniformly. Tt 
has already been shown that this 1s so for denudation, and it is a matter 
of course for crustal movements. They begin from the position of rest, 
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so they must then be accelerated; and they end with the position of rest, 
having then suffered deceleration. Whether or not the starting point and 
the end coincide with a position of absolute reat is of no importance. If 
indeed we think of the alternation of uplift and subsidence, as has so 
often, if not-.as.a general mile, taken place on the earth, then the position 
where subsidence changes to uplift (or vice versa) is the position of rest, 
In any case, the movement of the crust is a non-uniform process, which be- 
comes uniform only temporarily during ts course, but can never begin uni- 
formly with any definite velocity. It ia not superfluous to stress this 
obvious factor in view of the often inadequate conceptions which are 
widespread as to the physics of motion, and even of the fundamental! 
concepts of physics. 

To ilhistrate the position, let us draw a diagram (Fig. 1), in which the 
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co-ordinates represent the effects of crustal movement (a 6) and of denu- 
dational processes (6 ¢). The result of their simultaneous action, the 
forms of denudation, then appears in the shape of curves between a and 
e. Naturally they are all situated within the triangle abe; since any 
curve drawn outside it, as for example, 4 curve deviating in convex 
fashion downwards from the straight line a ¢, would signify that denuda- 
tion had begun before subsequent endogenctic action had exposed the 
crustal fragment to exogenetic destruction or, in other words, that 
denudation was the prerequisite for crustal movement. Within the tri- 
angle an infinite number of curves are possible, all of which begin. at 
point a and end at ¢. Each of these curves represents not a single form, 
but a developing series of forms through which a crustal fragment passes 
when it is being uplifted and denuded. It 1s obvious that all the sertes of 
land forms which can possibly develop on the earth have one common 
starting point and one common final form. ‘The former is characterised 
by the beginning of uplift and denudation (point a), the latter by the 
extinction of endogenetic and exogenetic displacements of matertal 
(point c). In between lies the endless variety of forms that correspond to 
the varying ratio of intensity of exogenetic processes to that of endo- 
genetic ones; and they are arranged on an infinite number of curves, each 
of which represents a series of forms pectiliar to the surface develop- 
ment of a crustal fragment which has had a particular course of endo- 
genetic development. 

Thus we see that land forms are not, as the erosion cycle postulates, a 
single developing seriex, but that they form an infinite number, and that they 
are arranged [on the diagram], not in a line, bul on a surface. This surface 
is enclosed by two limiting curves that, at least a3 regards total dimen- 
sions, represent developing serica which, on the earth, are jus! mot pos- 
sible: the straight line ac, that is the series of forms arising from the 
uniform development of uplift and denudation, and the axes a b—#c, 
which would be the series of forms that would arise if uplift and denuda- 
tion succeeded one another. Whether fragments of the limiting curves can 
be observed as component parts in the development of forms on the 
earth, and which fragments might in that way be realised, will have to 
be decided by the following investigation. 

The relationship of the cycle of erosion (and of methods based upon 
similar assumptions) to the complex of problems concerning develop- 
ment of land forms now becomes evident. Point 4 in the diagram repre- 
sents denudation which sets in only after the completion of uplift; and 
the series of forms that arise purely as the work of denudation on a 
motionless block is represented by one limb of the limiting curve: the 
line 6 ¢. Its starting point 4 by no means coincides with the point (a) 
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from which all development of forms on the earth begins. The perfectly 
arbitrary choice of that starting point is clearly shown, But, on the other 
hand, there also emerges the fact that although the method adopted for 
the erosion cycle (in its applied form) is incorrect in principle, yet it 
must nevertheless lead to the discovery of the correct final form common 
to every one of the series of denudational forms that develop on the 
earth, provided that the method was logically correct and not based upon 
faulty exogenetic assumptions. “The theory of the cycle of erosion does 
satisfy both these requisites, as cannot be doubted even by its opponents. 
Point c in the diagram represents the end-peneplane,* the pencpiain, 
the origin of which was made clear by W. M. Davis, and a little later, 
independently, by A. Penck, both basing themselves upon detailed in- 
ductive observation'*. One could not, however, in this way deduce a 
single one among the infinite series of developing land forms which are 
not only possible but actually exist on the carth in the different parts 
which have had various endogenetic histories, Almost everything in this 
field still remains to be done by morphology. Not merely must the in- 
vestigation start at the beginning of uplift and denudation (point a); it 
must take into account not only the simultaneous effects of endogenetic 
and exogenetic action, but above all their variable intensities’*. For thes 
one nest turn to the methods of phystcs, and indeed to such as permit a con- 
tinuous following of the v ariable quantities, that is, the differential method. 
‘This method not only can, but must be used in investigating the inter- 
dependence between the processes of movement which take part in the 
modelling of the land. For mass-transport of eroded material depend: 
upon a gradient, the factors producing which are crustal movements; 





and mass-movement of denuded material depends upon # gradient, the 
processes producing which arise from the results of erosion]**. 
This leads to the 





(d) Peesenr METHOD OF APPROACH 
The main stress is laid upon investigating the ways in which denuda- 
tion works, and the preparatory processes, the aim being to find out if 
denudation follows laws which are uniformly applicable and what these 
are. ‘Thus, in the first place, it is. a matter of studying those processes of 
denudation the course of which jepends directly upon the surface 
gradient of the crust and therefore indirectly upon its movements. These 
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T Tranalaters’ note: The auther’s distinction between erosion along the line 
of a watercourse and denudation over & whole surface must constantly be borne 
in. mind, This point of difference between German and English-American 
usage was discussed by W. ML. Davis, Journ. Geol, KXXVILI (1930), p. 23-] | 
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fall into two categories: (a) demudational processes in which the move- 
ment is spontaneous*; (6) those making use of an agent that is itself in 
motion (air, water, ice). Now group (4) includes also processes which 
depend only remotely, or not at all, upon the surface gradient, and 
which do not show any direct connection with crustal movement, Cur- 
rents in standing water, particularly in the sea, are examples of this, and 
air currents. In both cases, linea of movement within one and the same 
medium are caused by differences of pressure. They imprint upon the 
surface of the crust features having no connection with crustal move- 
ments, which have but a limited value, or none at all, for discovering 
these. Hence this book does not treat of ocean currents; and the clfects 
of wind are considered only in so far as they act with and influence other 
sub-aerial streams that are dependent upon gravity. ‘Their work must be 
distinguished from endogenetic influences, even though it ts restricted 
to certain parts of the earth, and is of limited importance in these. It is 
particularly over arid stretches of land, devoid of any continuous cover 
of vegetation, that wind effects are encountered; and the lowest base 
level to which they can possibly extend is the surface of any accumula- 
tion of water, For arid regions this means, in the first place, the water 
table. ‘This is so for basins of inland drainage, the visible surface of which 
forms the base level of erosion for the bordering slopes; and its position 
is determined—if not exclusively, yet in the main—by climatic condi- 
tions and not by those of crustal movement. Wind may here play a 
considerable part in the modelling of those slopes; not indeed directly, 
as observation shows, but indirectly through bringing the base level of 
erosion down to the level of the (dry season) water table, 

Minor forms due to wind action appear all over the world, wherever 
there is an arid portion of surface exposed to the wind, provided 
weathering has previously done ita work. But even apart from these, itis 
climate which primarily conditions the denuding as well as the deposi- 
tional activity of the wind. Nowhere indced are the forms which it pro- 
duces dominant, not even in the regions of its greatest importance; but 
they are overprinted upon the dominant forms, forms which there too 
have been created by denudational processes bound up with the surface 
gradient. 

The movement of ice and snow, and the effects produced by them, 
present similar relationships. True, their movements follow the surface 
gradients; yet their existence is a response to climatic conditions. It is 
unsuttable, therefore, to use forms produced by them for the deduction 
of crustal movements. That their origin has no direct connection with 
these is at once evident from the character of their level of reference, the 


[* See p. 64.] 
® P.M.A, 
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base levels of erosion below which their sculpturing cannot possibly 
reach. For glaciers, that level is the melting lower end; for the stretches 
lying between them, it is the snow-line. ‘The position of the melting tip 
depends both upon that of the snow-line, determined exclusively by 
climate, and upon the mass of each individual stream of ice which, other 
things being equal, increases with the size of the gathering ground, With 
stable dimatic conditions, the influence of crustal movements is to alter 
the position of the glacier snout and that of the snow-line, not with 
reference to the base level of running water, e.g. sea-level, but with 
reference to the glaciated summits or to the original position of the snow- 
line, Thus, investigation of glacial phenomena can establish to what ex- 
tent the observed displacements of the snow-line are due to climatic 
changes or to crustal movements, but no clue is thereby given as to the 
nature or course of these events. Hence the whole set of phenomena 
belonging to glacial geology also falls outside the scope of this book. 

And finally, an examination of coastal development has no place here, 
Knowledge is assumed of the processes which are today considered to be 
modelling the details of sea-coasts, whether by denudation or by deposi- 
tion, and of how these processes are believed to transform coasts which 
are neither rising nor sinking. For the problems here treated, the only 
phenomena of importance are those from which it is possible to deduce 
vertical movement of the coast-line, with the necessarily associated hori- 
zontal displacement, uplift and subsidence of the solid earth, rise and 
fall of sea-level. In so far as eustatic fluctuations can be successfully ex- 
cluded, these phenomena supply information as to the occurrence of the 
crustal movements, the time of their commencement, and their direction 
(relative to sea-level); but only in a limited degree to their course of 
development and changes in intensity. In this respect they fall into the 
same category as the conditions of rock stratification. This does not 
remove the necessity for a somewhat detailed consideration of the proved 
oacillations of the coast-line; for this concerns the oscillations of the base 
level of erosion for running water, which—whatever their origin—haye 
the greatest conceivable repercussions on the modelling of the land, the 
type of denudation and deposition, and the distribution of these, 

‘That the investigation may be directed aright with reference both to 
matter and place, we are beginning with a short survey of the earth's 
crust and its stricture, this being the stage for all geological and morpho- 
logical occurrences. 





CHAPTER II 
THE EARTH'S CRUST 


atiations in physical properties, such as capacity for expansion, 
elasticity, cohesion, etc., and in chemical composition of con- 
stituent minerala, make rock susceptible in varying degrees to the chem- 
ical and physical influences which prevail at the earth's surface. Such 
susceptibility is influenced further by the kind of mineral fabric and its 
strength, the texture of the rock, and above all by variations in its 
cohesion. Cohesion depends not only upon the texture but also upon 
structure, a term comprising such phenomena as rock partings along 
divisional planes (say, bedding or foliation planes), cavity filling, form 
and extent of pore space, etc., the cement, its nature and strength, dia- 
genesis, and the various stages of metamorphism such as contact effects, 
impregnation, reconstitution, recrystallisation, The sum total of these 
properties, together with the details of rock stratification, in short, the 
character of the rock,* are responsible for the various degrees of resis- 
tance which rocks offer to chemical and mechanical destruction. They 
vary not only from one case to another; but they also vary from place to 
place, even when climatic conditions and exposure are identical. Thus, 
other things being equal, it i the character of the rock which proves to be 
the determining factor in the detailed sculpturing of denudational forms, 
Careful tracing of this adaptation of form to rock character is essential for 
learning how to distinguish its morphological influence from that 
exerted by endogenetic processes, the crustal movements. The endo- 
genetic conditions that are morphologically significant are twofold: those 
which are dynamic, the endogenetic processes, viz. movement and trans- 
ference of material, which will not be considered here; and those which 
are static, the endogenetie states resulting from those processes. The 
latter include the three following elements which should be carefully 
distinguished: (a) the composition of the crust, which consists of many 
different kinds of rock, (6) tts structure, which determines the surface 
distribution and arrangement of the rock types, and (¢) the altitudinal 

modelling. 

1.. COMPOSITION AND STRUCTURE OF ‘THE CRUST 
The structure, the internal build, is the sum total of all the strati- 
graphical relationships, Wherever there are upstanding portions of the 
® Gestetner hdlimisse. 
i9 
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land, and these are the only places where observations can be made, two 
essentially different stractural zones can be distinguished in broad outline, 
These may be called the substructure and the superstructure. The boundary 
between them lies at a stratigraphical horizon which varies from place to 
place, and is nowhere associated with a surface at a definite level, 

The characteristic feature of the substructure is folding, in all rocks 
capable of folding, that is those with parting planes (bedding and folia- 
tion) whether original or acquired. At any given temperature there is a 
definite limit to the capacity for folding possessed by a rock with given 
properties. If compression has caused this limit to be reached, the rocks 
become incompetent, and from that moment they react to the continued 
pressure in a different way, viz. by moiecular transformation. This is 
most nearly complete in the deep-seated zones along the lines of folding, 
Here, as may be seen for example, in the central parts of the Alps or of 
the Variscan folds, not only are the structural characteristics lost and re- 
placed by others, 2 discordance disappearing, for instance, and being 
represented by a tectonic concordance, but the rock itself undergoes 
complete reconstitution, recrystallisation, and acquires a new mineralo- 
gical composition and a new arrangement of the component minerals. It 
is exclusively 1 in the substructure that such reconstitution phenomena 
occur: it is here that schistosity and the crystalline schists onginate. [tis, 
finally, in the substructure that most of the magmatic injections are to be 
found, in particular all those huge intrusive bodies showing a granular 
texture, of which stocks and batholiths are typical. 

The substructure ia exposed over vast areas of land; everywhere it 
forms the base, the foundation, upon which other material, wherever 
this is present, is piled. It may, therefore, be taken as the peripheral part 
of the earth's crust proper, even though what might be considered as the 
remains of the planet's hypothetical, original crust, due to its solidifica- 
tion, cannot be seen anywhere, even in this. Rather, according to our 
present state of knowledge, it is exchisively of reassorted sedimentary 
material and of igneous rocks that this lower zone consists. ‘The sedimen- 
tary material here reassorted was formerly worn off upstanding parts, 
deposited in depressions, and f olded throughout its entire extent, though 
at different periods. In the deep-seated zones it underwent reconstiti- 
tion along the lines of folding; but in its peripheral parts the sedimentary 

-are more or less clearly preserved. The igneous rocks are 
partly i in the form of intercalations of extrusive material, but are mainly 
intrusions which must have increased the volume and mass of that shell 
of the lithosphere concerned. ‘Thus, though they are not the only types, 
etystalline siliceous rocks are by far the commonest rocks found in the 
substructure. 
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Stretches of this substructure are covered by a thin, incomplete 
mantle of rock, the superstructure. Tt is made up of sediments which show 
no signs whatever of reconstitution. There are, in addition, extensive 
volcanic extrusions, and small intrusive bodies of a hypabyssal nature 
(typically the true laccolith) which penetrate the sedimentary mantle, In 
the superstructure, clastic material 1s more common than crystalline; 
and the chemically stable substances, such as limestone, quartz, hydrated 
silicate of aluminium, ctc., to be traced back to the end-products of 
weathering, predominate over the chemically unstable silicates. 

These striking, but by no means universal, differences in rock texture 
and composition lead to a general difference in susceptibility to rock 
reduction in these two structural zones, On the whole, too, they provide 
different conditions for circulation of water. Rut what is of greatest signi- 
ficance is the difference found everywhere in the bedding: the super- 
structure has no folding, its tectonic disturbances are restricted to those of 
a minor degree. Flat bedding is typical of the superstructure; and it 
alone affords the conditions requisite for the formation of tablelands 
and scarplands such as are so impressive in south-west Germany. 

Now what are the genetic relations between superstructure and sub- 
structure? What delimits the one from the other? Nowhere on earth are 
flat-lying Archaean beds known; everywhere they are folded. But the 
lower surface of the Palaeozoic by no means coincides with the boundary 
between superstructure and substructure. It is found instead that all 
divisions of the geological formations, from the oldest Paleeoxoic up to 
and including the Lower or the Middle Pliocene, are represented in both 
the substructure and the superstructure: the strata, as individual forma- 
tions, but never complete in a continuous sequence the same every- 
where, occur flat bedded in one part of the world; but on approaching 
certain belts, these very same strata lose this property: they are folded 
and so have acquired the characteristics of the substructure. This may be 
excellently seen by comparing, for example, the unfolded Palacozoics 
of the Baltic provinces with those of the same age but within the 
Armorican-Variscan belt of folding; or the Mesozoica of south-west 
Germany with the Triassic and Jurassic of the Alps, and the north 
German ‘Tertiaries with the equivalent formations at the edge of the 
Alps. The fundamental difference is not the texture or composition of 
the rocks, but their bedding. Jn the one set of regions, rocks of the super- 
rtructure trantgress over an older folded substratum; in the fold belts, they 
are, by tartue of their folding, incorporated in the substructure. The com- 
pleteness with which this process takes place is seen in the reconstitution 
of Mesozoic sediments to form schists in certain parts of the Alps or of 
the Apennines, these sediments being the same as those which, outside 
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the belt of geologically youthful folding, form parts of a scarcely dis- 
turbed superstructure. The lower surtace of this, i.c. the boundary be- 
tween it and substructure, is always a fold-discordance. 

Evidence as to the arrangement of the zones of folding that compose 
the substructure, and the date of their formation, is afforded not only by 
their position within the sequence of geological formations, but also by 
their position on the earth’s surface, Those of more remote periods are 
shown to have just as regular a distribution as the fold belts of geolo- 
gically recent origin. In the first place, there is an increasing certainty 
that, on the whole, the folding includes wider areas, the earlier it began, 
In the Archaean, a period of unknown duration, no part of the crust was 
exempt from folding. Archaean beds are always folded, wherever they 
have been examined. ‘This folding certainly did not take place simul- 
taneously all over the earth, but successively both in time and place. As 
far back as the Upper Silurian and Lower Devonian, there had been a 
substantial narrowing of the area in which folding recurred. In Eur- 
Africa, for example, the region folded at that time extended only from 
the north of Scotland to the central Sudan. A further narrowing had 
taken place by the Upper Carboniferous—the region of folds then 
stretched only from southern England to. the Sahara south of the Atlas 
lands; and by the Tertiary we find the occurrence of folding limited to a 
narrow strip traversing the Mediterranean lands m a winding course, 
Similar successive narrowings of the folded area have been established 
for the two Americas, Asia and Australia. It is a universal phenomenon, 

Thus, in course of time, these properties of the crust which allow the 
strata of the superstructure to be compressed and folded, are lost over 
wider and wider areas, The visible parts of these arezs withdrawn from 
folding, made rigid as it were, are called continental masses; and the 
mantle of sediments, in so far a¢ any were laid down, ts preserved with 
little disturbance to form the superstructure. On account of the zonary 
narrowing of the fold belts, the base of this is usually at a lower strati- 
graphical level the further it is from the Mesozoic-Tertiary strip of 
folding. 

The development of the crustal structure is according to law. Up to 
the present, it has led to contraction, into two narrow belts, of the zones 
within which folding could originate: one of these, the Pacific belt, sur- 
rounds the Pacific Ocean; the other, the Mediferranean belt, stretches 
from the Atlantic through the Mediterranean region and south Asia to 
the Pacific Ocean, where it joins the Pacific belt. These are zones of in- 
stability, in which we recognise remains of earlier, much more extensive 
zones that had similar characteristics. Loss of instability cannot be 
traced to falding. Otherwise those areas in which the superstructure had 
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once been folded to incompetence would thereafter remain stable, so 
acquiring and retaining the properties of the rigid continental masses. 
Obviously this 1s nof the case. In the Alps, as well as in other young fold 
mountains, the marks of Permian, Carboniferous, and still older periods. 
of folding are in many places visible in the uncovered basement of folded 
Mesozoics, Folding does not prevent the recurrence of folding at the 
same place. Folding causes whatever material in the superstructure ts 
capable of folding to become incorporated in the substructure, but the crustal 
instability is in no way removed. This instability is not just duc to the fact 
that the rock material i is capable of being folded, but is the property 
which the crust possesses of carrying out movements of a special kind; 
and it does not possess this property outside the zones of instability. The 
most outstanding feature is that within these zones the earth's crust is 
able to sink down into deep elongated troughs, troughs within which 
sediments accumulate throughout geological periods, so that a specially 
thick superstructure is produced (geosynclines); and later, during and 
after the folding of this, they rise again, to form mountains. But it must 
be emphasised that the folding, and the rising of the folded parts with 
their substratum to form mountains, by no means destroys the ability of 
the crust to sink again at the same place to form a trough of sedimenta- 
tion, nor prevents its filling material from being yet again folded, ‘This 
ability of the superstructure, on reaching a certain thickness, to sink 
down, to become folded, and to rise as mountain chains, is however lost 
in course of time to ever wider areas, as may be seen from the way in 
which crustal structures behave; or, in other words; fhe rigid continental 
masses grove at the expense of the zones of instability. 

It ts the conditions in the superstructure which best reflect the differ- 
ences in nature between stable continental masses and the zones of in- 
stability. On the stable blocks, it is, when present, of slight thickness, 
and has no deep sea formations, Its structural characteristic, flat bedding, 
is retained even if it has been affected hy crustal movement, has suffered 
tectonic disturbance and has become, on a rising continent, an area of 
denudation, In the unstable zones it is far otherwise. In narrow sub- 
siding troughs there accumulates a superstructure the thickness of which 
is to be measured in kilometres, and includes strata having abyssal facies. 
If involved in crustal movement, it loses its structural characteristics; it 
becomes folded, and thereafter behaves like any other part of the sub- 
structure, the folding of which may go back any distance in time, pro- 
vided it is not part of what has already become a definitely rigid con- 
tinental block. 

In this way we learn, from the fate of the superstructure, that crustal 
movements are of a different type in stable and unstable regions, Apart 








24 THE EARTH'S CRUST 


from seismic and magmatic phenomena, to which we shall return in 
another connection, shits difference is reflected particularly in the alti- 
tudinal form, 


z. THE ALTITUDINAL FORM OF THE EARTH'S CRUST: 
HOW IT IS BUILT UP 

‘The stable and the unstable regions coincide respectively with the 
two systems of major land forms. In each, there are elevations and 
depressions, of a common type and of a common order of magnitude, 
standing opposed to one another. Continental masses and oceans form 
the one system. This comprises by far the greater part of the earth's 
surface, and the second system, arranged in two narrow belts, divides it 
into three self-contained units. The first of these lies around the North 
Pole and ts formed of North America east of the Cordillera and north of 
the Antilles; Greenland and the north of Eurasia, including the tslands 
and seas in between. The second ts made up of South America east of 
the Andes, Africa south of the Atlas, the greater part of Antarctica, 
Australia and India, with the Indian and South Atlantic Oceans, ‘The 
Pacific Ocean covers the whole of the third, These three areas are un- 
equal in size, this being determined by the course of the two mountain 
belts mentioned above: the Pacific belt which ts firmly welded on to one 
side of the continental masses whilst on the other it faces the Pactfe 
Ocean: and the Mediterranean belt, the greater part of which is between 
continental masses lying to the north and south. Where this reaches the 
sta it, like the Pacific belt, gives rise to a “strike’ coast, called by EF. Suess 
the Pacific type of coast. [t may be contrasted with the Atlantic type, 
which is not formed by zones of recent mountain building, but cuts 
across them and frequently also across the older structures, However it 
occasionally runs almost parallel to the latter for thousands of kilometres, 
as for instance in the case of almost the whole north and east coast of 
South America as fur as La Plata. Just as the Pacific type of coast charac- 
terises the mountain belts, so the Atlantic type forms the oceanic boun- 
dary of the continental masses. Apart from deep-rooted contrasts of a 
seismic, and even more of a magmatic nature™’, the form of the land 
surface is the most obvions indication of this typical arrangement and 
delimitation which present some of the most difficult problems of geo- 
logy, and obviously are the result of an extraordinarily long development 
controlled by definite laws™ (see p. 33), So far as the oceans and con- 
tinents are concerned, this surface modelling, in spite of all kinds of 
differences in detail, is characterised by world-wide uniformity. ‘The 
simplicity of the ocean floor, which has an average depth of between 
4ooo and sooo metres, has been confirmed hy all the more recent sound- 
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ings, and it is not to be expected that a further increase in density of the 
atill wide-meshed network of soundings will invalidate the result of our 
present knowledge. The form of the continental surface, including the 
shelf seus, is no different in nature. Steeper slopes, locally with the steep- 
ness of precipices, form a link between the simple features of the ocean 
floor and the gentle relief of the continental platforms. These have, asa 
rule, no very great relative or absolute height. ‘The steeper slopes, found 
at the continental margins and more particularly in the mountain belts, 
are thus features alien to the elevations formed as the continental surface 
buckled in various ways. ‘T'ake any part of the crust which has undergone 
uniform movement, and express as a fraction the ratio between ite alti- 
tude and its horizontal diameter—that is, its angle of slope, its slope 
being that of a plane touching the individual heights carved out by 
denudation. It will be found that the average value of this fraction is far 
smaller for areas on the continental masses than that which is typical of 
the narrow elongated elevations occurring in the mountain belts, 

The youngest folded structure found in the stable regions is late 
Palaeozoic. With few exceptions, the upwarpings of the continental sur- 
face cut across this structure, thus showing in @ direct manner that they 
are of more recent origin. But even where, as in the upstanding massifs of 
the Urals or the Appalachians, their extent is determined by the course 
of the old structure, a wide gap of time separates thetr origin from that of 
the folds: the upstanding mountainous feature is a creation of geolo- 
gically recent date, and has not the least connection with the folding of 
the strata. They cannot be called ‘fold mountarns’. 

Fold mountains, the characteristic of which is the approximate co- 
incidence of fold structure and mountainous elevation in extent, arrange- 
ment and time of origin, occur today only within the two mountain belts, 
which are the second system of the earth's major forms. In. general 
terms, the raised forms are clongated and comparatively narrow arch- 
ings of the:crust which usually take a curved and even festooned course; 
sometimes they bend right around deep basins filled by the sea—e.g. the 
Mediterranean region—or around continental basins of the same type as 
the Pannonian Basin or that of eastern Turkistan. They are systems of 
closely ranged chains; and in certain zones, such as Inner Anatolia, Tran, 
Tibet, Puna de Atacama, etc., their height above the intervening troughs, 
ie. the relative height, diminishes, while at the same time the whole 
system is apparently increasing in average altitude and in width. In these 
cases, the individual chains may be seen to separate further from one 
another and even to die out, so that the longitudinal depressions fuse 
together, thus widening to form high-lying basin-like hollows, These 
systems of mountain chains are regularly accompanied by zones of sub- 
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sidence, the marginal deeps, which are more or less their equivalents. 
They, too, appear to differ in their nature. One sort, including the deep 
sea troughs, are apparently geosynclines of the same type as the Meso- 
zoic sedimentation troughs which were later transformed into lines of 
folding. ‘They are usually to be found quite close to them. The Adriatic 
Sea, with the Plain of the Po, belongs to this type. As regards gravity 
compensation, their behaviour ts different from that of the equally elon- 
gated regions of subsidence of the Alpine Foreland type’, which are not 
confined to the neighbourhood of the Mesozoic-Tertiary fold zonea but, 
like the Gran Chaco - Pampa trough, for example, may also occur with 
systems of ranges showing no recent folding. Just as the chain mountains 
in.general tower above the mean height of the continents, so the corre- 
sponding marginal deeps, genetically connected with them, sometimes 
sink to considerable depths below the general level of the ocean floor. 
The earth's greatest altitudes and its greatest depths belong to the 
mountain belts; and between these extremes, the elevations above sea- 
level and the depressiona below it attain a matchless variety of form. 

The occurrence of fold mountains, as defined above, where systems of 
mountain chains exist, led to the idea that the mountains were due to 
‘up-folding’, E. Suess in particular set forth this view in his book The 
Face of the Earth. It was thought that the mere folding of strata could 
produce an actual absolute uplift of the rock forming the earth’s crust. 
In Europe most of the important elevations do characteristically show a 
Mesozoic-Tertiary compression of strata, Mesozoic and more recent in 
age, 8o that this concept was'a possible one; and the same connection can 
also be traced in mountain chains of southern Anatolia, southern Iran, 
and on through the Himalayan system to the furthest of the Sunda 

Yet, for the two Americas, even though analogous features do occur, 
to some extent, it is often impossible to maintain a causal relationship: 
altitudinal form because of folding. 

Opposed to this are two sets of important facts: first of all, we know 
from experience that intensity of folding does not correspond. with 
greater or less development of altitude. ‘Take, for example, the lower sur- 
face of the Gosau transgression in the Eastern Alps. Following it out, one 
finds that, with a change of facies, it becomes detached from the concord- 
ant series of strata which at one time formed the Flysch foreland, and 
transgresses along a denudation surface of flattush form very little broken 
up by vertical dissection; it passes over belts which are highly folded and, 
a little farther to the south, ever overthrust. Then, in the region of the 
inner and most violently disturbed zone of the Calcareous Alps (Ctscher 
nappe—Hahn’s Tyrolese unit and Juvavian nappe) it comes on to a 
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moderately dissected mountain land, penetrating its valleys. It seems 
that pre-Gosau movements had formed the central parts of the Eastern 
Alps into majestic mountains; but it is by no means certain that any 
equally severe compression of strata took place there. It seems unlikely 
that the pre-Gosau hilly country mentioned above, and the peneplane 
(piedmont flat) of the same age which adjoins it to the north, could have 
been produced from a mountain region of moderate or perhaps great 
height during that short period of most vigorous crustal movement be- 
tween the time when it arose and when it was covered, 

Features of the outer ranges of the Dinarids and of the western Taurus 
are no less impressive. Crossing from inner to outer zones, ever higher 
horizons beginning with Lower Cretaceous, transgress inwards towards 
the mountains over a violently folded substratum, along what is gen- 
erally a perfectly graded peneplane. Each successive zone outwards in- 
variably shows that the transgressing strata were later themselves folded, 
and then in a similar way covered by younger horizons. There can never 
have been anything but more or less graded peneplanes at the places 
where these surfaces of transgression now occur; for outwards (what was 
then seawards) they end in bedding planes. ‘This is quite apart from the 
fact that the intervals between the periods when folding began and when 
the folds were covered in (and these were quite brief, especially in the 
outer zones) were times of very strong crustal movement which absol- 
utely precluded the formation of end-peneplanes. Exactly the same 
thing, but extended over the whole area of falding, is found in the zonea 
of Upper Jurassic folding in the Pacific mountain belt and of the 
slightly younger, pre-Cretaceous phase of Saxonian folding in Central 
Europe. In both regions, the covering strata transgress on to and over 
beds which are of Upper Oxfordian age in the Pacific belt, and of Lower 
Cretaceous in Central Europe; and in both, the surface below them is a 
perfectly graded land surface, a peneplance, as can easily be verified in the 
neighbourhood of the Westphalian Cretaceous syncline. In western 
Argentina the unconformity passes into a bedding plane; it corresponds 
to the duration of the Lower Oxfordian, i.c. a very brief period and one 
of tectonic unrest. All the same, the only land form present is a pene- 
plane which cannot under such circumstances have been produced from 
more vigorous modelling such as mountain country, The position in the 
district of the Westphalian Cretaceous syncline is analogous, and still 
clearer. The Cretaceous there transgresees over a peneplane which can 
be clearly seen both at the edge and also, by means of borings, in the 
interior; it stretches south-west to north-east, in the direction of the 
former slope, over the Variscan structure of the Rhine Massif, its early 
Mesozoic deposits, and the zones of Saxonian folding and faulting: In 
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the same direction, the Cretaceous series from Cenomanian to Valan- 
ginian and Wealden is gradually completed downwards, the Jurassic 
series from Kimmeridgian and Wealden upwards, so that somewhere 
near Bielefeld the unconformity passes into a bedding plane. ‘This posi- 
tion, too, makes it impossible for there ever to have been any other land 
forms than this graded peneplane on the folded substratum (see p. 165)". 
These instances, the number of which could easily be multiplied, show 
that folding is not always connected with the production of mountain 
heights; and that a sharp distinction must be made between the folding 
of strata and the raising of the folded strip. 

Again, and more important still, insufficient attention has been paid 
to the fact that the Mesozoic-Tertiary zones of folding form only a frac- 
tion of the mountain belts of the world, These by no means coincide with 
the fold belts, but reach out far beyond them. Even in the narrow 
Dinaric-Tauric festoon, and to @ greater extent further eastward (inner 
Armenian-lranian ranges—Pamir), tt becomes clear that the mountain 
ranges have nothing at all to do with the lines of recent folding. Etther 
they cross them at an acute angle (Anatolia)**; or, more commonly, they 
ure parts of the crust having a superstructure not folded at all, or 
scarcely so, and a substructure folded at some far distant period of earth 
movement. Here it is quite evident that folding and raising are indepen- 
dent processes, separated in time. The Central Asiatic systems of ranges, 
often exceeding 6,000 metres in height, which occur north and north- 
east of the Himalaya zone and stretch to the Behring Sea, as well as the 
greater part of the Andine ranges of both the Americas, belong to this 
class of mountains. For a long time tt waa thought that they were systems 
of tilted blocks, or long narrow horsts lifted above equally narrow rifts; 
thus overwhelming importance was assigned to the formation of faults, 
even though their existence was not always proved, very aften not even 
sought®*, 

It has recently been shown that this division into ranges, separated by 
longitudinal depressions, is the result of undulatory warping which, in 
certain areas, has affected and is still affecting a peripheral crustal shell, 
obviously sheared, In their essence, the ranges are anticlines, the troughs 
synclines. Broad folding* was the name given to the process**, So far as 
can be seen at the present day, itis regularly accompanied by simul- 
tancous regional arching of the whole block which is being folded. 
Faults and overthrusts may develop when the broad folding reaches 
stages of increased intensity, But they are features accompanying move- 
ment of a higher order, and are associated with the properties of the 
material being moved and with the degree of intensity of the movement, 

® Grosfaltung. 
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Thus they do not, as has been frequently proved, influence the general 
character of the movement; this can always be recognised as an undula- 
ting or folded arching (mountain arch) of extended phase. ‘There is good 
foundation for the belief that upfolding is not—as was originally 
thought**—the effect of an extrancous compression, but is an intrusive 
enlargement of the area affected, and thus consequent upon the entry of 
magma into the cruat?’. 

Very often—for dry regions one may say usually—the broad synclines 
are areas of deposition. It has been shown, for the Andes of north-west 
Argentina, how arching of the ranges reacts upon the correlated* strata 
which have accumulated in the synclines, how they are distorted and 
folded. Analogous phenomena have been found in Anatolia, in the "Tien 
Shan and Persia, in the Sunda Islands and im several other parts of the 
mountain belts’, This may, among other things, account for the differ- 
ence of opinion as to whether the Island of Celebes is of fold-mountain 
structure or not. Apparently the champions on the one side considered 
that the essential feature was the folded Neogene in the broad synclines; 
whilst the others took it to be the Eocene which is occasionally visible on 
the broad anticlines and is not folded at all, or scarcely so. Our attention 
is thus directed to another question, extremely important from the 
morphological point of view. 





3. CONNECTION BETWEEN ALTITUDINAL FORM AND 
THE STRUCTURE OF THE EARTH'S CRUST 

A sharp division in time between folding and up-arching of strata, 
clearly seen where broad folding has affected mountain belts outside the 
Mesozoic geosynclines, docs not exist along the lines of the Mesozoic- 
Tertiary folding itself. Here an overlap in time has been established for 
the origin of individual lines of folding and their elevations as moun- 
tains. This, together with the fact that they coincide in space, shows an 
intimate connection between these different effects of mountain- -building 
forces, In the western ‘Taurus bundles of folded strata and packets of 
rock slices are combined into single ranges of broad folds which sub- 
divide the raised Tauric arc, producing a regular up and down effect, 
paralle! to its. strike. Broad folding, which has produced the system of 
ranges, is here a continuation of the folding of the strata and outlasts it®*, 

In the Alps, too, conditions are similar. Their complicated structure, 
and the far-reaching dissection into regions of peaks and regions of 
valleys make it very difficult to find the answer to the problem under 
consideration; but youthful movements of the type of broad folding 
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probably did occur, and have been structurally proved for their eastern 
end®*. Here, too, broad folding is the process which outlasts the folding 
of strata and which produces the altitudinal form of the mountain masses; 
and it is the same in the Andes of north-west Argentina where, also, 
packets of completed folds have been raised in broad folds. Similar ob- 
servations have been made in the region of the Mesozoic geosyncline of 
eastern Mexico, and in the Basin Ranges of North America®. The same 
thing appears very distinctly in eastern Greece and western Asia Minor 
within the Dinaric-Tauric festoon. Here the late Mesozoic and early 
Tertiary fold lines play no part whatsoever in building up the altitude of 
the mountains, but are cut transversely across their strike by the ranges 
which are typical broad folds™. Thus there are already many indications 
that broad folding is the process which determines the altitudinal form of the 
mountain belts. It probably also determined the zones of Mesozoic-Tertiary 
geosynelines in which the sediments, now visible along the limes of folding, 
were deposited. For tt seems to he generaily true that the broad folding con- 
tinwes, as it were, the folding of the strata, and in any case outlasts tt; 50 
that its effect—the altitudinal form of the system of ranges—becomes evident 
when the folding of the strata ts approaching the phase of incompetence 
thereby the material of the superstructure becomes incorporated tn the sub- 
ztructure. Then, as may be seen by inspection, the line of young folds 
behaves, in respect of the mountain-building processes that are still con- 
tinuing, like that of any other part of the substructure within the zones 
of instability’4, however long ago this may have been folded. That 1s, 
the line of young folds is included in the broad folding. 

Structure and altitudinal form are different effects of crustal movement. 
‘The question is to find what structure belongs to any given elevation, or 
increase in altitude, of a part of the earth's crust. It would, of course, bea 
mistake to look for connections between, for example, the Variscan fold 
structure of the Harz and its present altitudinal form, They are due to 
entirely different acts of formation. The movements which made the 
Harz into a mountain mass are structurally recorded, not in the old folded 
substructure but in the superstructure which, deposited at the side 
and on the top of it, has been dragged and tilted on the one side, and 
on the north side is pushed over and overthrust. This indicates a definite 
and essential feature of the crustal movement that produced this 
effect, viz. its direction, It is, therefore, just like folding in being bound 
up with the existence of material capable of being folded, in the absence 
of which it cannot occur, even though the nature and direction of the 
crustal movement is perfectly adequate. Quite generally, the structural 
record of any process of endogenctic movement which has produced 
some upstanding part is associated with the presence of material 
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that can be deformed, i.e. primarily with strata of the superstructure 
which before the disturbance were deposited at the side and on the top 
of the portion of crust subjected to the movement. For the tectonic 
expert, difficulties begin only with the absence of a superstructure in 
which stratification can record how the crustal movements have oper- 
ated, ic. when these movements are indicated merely by the crustal 
elevations. Eeery crustal movement leaves tts traces in the superstructure, 
and the som total of there makes up the structure of the earth's crust. Not 
only does this structure differ from place to place, but also it was pro- 
duced at very different periods. It is preserved as a disturbance of the 
bedding; but the other effect of the crustal movement, the altitudinal 
modelling or the vertical upbuilding, is not durable. Should the move- 
ment die out anywhere, denudation removes all the parts that had been 
left projecting, and the depressions are filled in; the structural features 
alone remain, 

There is thus every reason for the geologist to direct his fill attention 
particularly to those phenomena which represent the sim total of the 
actual effects of the erustal movements, effects which are related to one 
another both in time and in mode of origin, vf. structure ann altitudinal 
form, Only at such places, and with what has so far received little atten- 
tion, a more detailed working out of the relations between these two 
effects, will it be possible to arrive at a well-founded judgment regarding 
the essential features of the crustal movements and the course of their 
development. 

It is quite obvious that the structure may give no clue a8 to the course 
of the movements producing it. Under persistent compression, strata are 
folded to incompetence, What is then observed is, first, not the cessation 
of the forces that produced the folding, but the conclusion of the fold- 
ing, ie. the fact that the material has become tunsuitable for the same 
reaction to the same forces; and secondly, the total amount of disturb- 
ance which has occurred up to the time of observation. Suppose that a 
set of strata is being tilted by one-sided uplift, e.g. on the flank of an 
arch, and by similar amounts in similar intervals of time. In due-course 
the tilting increases to a limiting value (vertical position). In such a case, 
could observations be made at aifieeat times during the earth's history, 
they would convey the picture of different degrees of disturbance, which 
in every case would give the total amount of disturbance which had been 
reached up to the time of observation. The structure is always the sum 
total of individual effects; and the disturbance ts found to be preater, the 
greater the amount that sum total reaches, With a given intensity of crustal 
movement, structure is a function of time. 7 

This does not apply to the altitudinal form, as the following reasoning 
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will show, and as has been directly proved by the observations mentioned 
above (p. 22 ff.). If a part of the crust, carrying a flat-bedded super- 
structure over an old-fold substructure, should be arched up, it will at 
the same time be denuded. It can gain in height only when the uplift acts 
more quickly than the denudation working against it. Suppose the arch- 
ing to take place very slowly, so slowly that denudation can work 
against it with complete success, from the very beginning; the biock 
cannot grow in height even when uplift lasts indefinitely, unless this 
latter becomes more intense, ie. quicker. During the course of such 
long-enduring slow uplift, the superstructure will yanish except for the 
marginal zones, Mere the strata are tilted and upturned, more so the 
longer the movement lasts; but the altitudinal form remains unaltered 
and small. It does not increase with time, unlike the degree of disturb- 
ance of the strata lying above or against the upraised part, and unlike 
the total amount of denudation and of course the thickness of the cor- 
related strata. It docs increase, however, with the intensity of the crustal 
movement: for a given duration of crustal movement, the altitudinal form 
of the earth's crust 1s a function of the intensity of uplift, This is the reverse 
of the relation for crustal structure. 

This fundamental connection brings out most clearly the reciprocal 
relationship between tectonics and morphology. When the structure is 
examined, it gives quite different information as to the essential charac- 
teristics of the crustal movernents from that found by examining the alti- 
tudinal modelling, with its set of land forms. Tectonic and morphological 
studies are complementary to each other ; the ones not asubstitute for the other. 

it cannot be said that in research work generally this clear relationship 
between the structure and the upbuilding of the earth's crust (altiradinal 
form) takes the place which its fundamental importance deserves, especi- 
ally with regard to morphology, As already mentioned, there is frequently 
lacking that sharp distinction between the dynamic and the static ele- 
ments. in the endogenetic conditions, between causes and effects, which 
is absolutely essential. Then, above all, the assumption that the alti- 
tudinal form may be thought of as something given in a completed form, 
somehow produced in the past by some process of uplift now at an end, 
prevents the two static endogenetic phenomena from being balanced 
against one another and correctly appraised as different effects of endo- 
genetic processes, Finally, reaction against the cycle concept of Davis, 
who did try to separate the endogenetic conditions correctly according 
to their nature, has played an equally important part in creating a school 
of thought which emphasises the morphological significance of the earth's 
structural character (that of the rocks) to a degree which obviously can 
no longer be justified. | 
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For the most beautiful structure cannot be expressed morphologically 
if it ts, for example, covered by the sea or reposing deep down in the 
crust. Before the structure of any portion of the crust can become visible 
through differential denudation (assuming that there are rocks differing 
in their powers of resistance) it must first be uplifted and exposed to 
denudation, Only then can there take place that adaptation of denuda- 
tional forms to the character of the rock which has been already men- 
tioned. ‘This process does not work quite simply; various other processes 
depend on it; and we shall see later that so far the most important of 
these has been completely overlooked. The need for following the process 
in detail has repeatedly been stressed; yet the scope of morphology 
would be restricted and meagre, were morphologists to be satisfied with 
investigating that self-evident process of adaptation, which must of 
necessity take place wherever denudation occurs. Attention should be 
drawn primarily, as the main object, to the processes which make denu- 
dation possible; the detailed adaptation of forms, dependent on this, 
should take a secondary place. These processes are the crustal move- 
ments which give the earth's surface its altitudinal form, sv providing 
the processes of denudation with the gradient they need. Regarding the 
structure of the earth's crust, the question must again be put as to 
whether and how far this can be taken as something finished, something 
given, amongst the premises for morphological investigation. It turns 
out to be 4 question of whether the structures observed are completed, 
or are undergoing further development whilst denudation is at work in 
the area where they occur, The answer varies accordingly; and here it is 
hor wrong, under all circumstances and in every case, as it is for the up- 
building of the crustal altitude, to consider them as completed and to 
treat their relationship to denudation from that point of view. Uplifted 
and uncovered parts of the Variscan folds do possess a completed inner 
structural plan. ‘This does not alter while denudation is wearing it away, 
nor does denudation receive its impulse to work from those crustal 
movements which once upon a time produced this structure, Rather 
does this come from the very much later movements that created the 
upstanding part. The same is true for the Appalachians, with their 
structure of very regular old-folds, It is this fortunate situation which has 
played no small part in leading to the detailed elucidation there, by 
Davis and his pupils, of the adaptation of the drainage net to the given 
fold structure, with the etching out of this latter. 

it is most instructive to compare this with the Swiss Jura, a sedimen- 
tary block where the main folding set in during the Pliocene. The sur- 
face, consisting of anticlines and synclines, has been denuded to varying 
extents, the process beginning at least as far back as the Rocene, and 
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continuing since then uninterruptedly and to an ever increasing degree. 
Here the folds were formed and continued to develop whilst denudation 
was working on them. On the rising anticlines it found and is still finding 
endogenetic conditions different from those in the synclines which are 
relatively sinking. Study of the morphological development of the Swiss 
Jura, and of the way in which the drainage-net as well as individual land 
forms have become adapted to the folded structure, can by no means 
begin by taking that structure as a given clement, already completed; but 
it must take into account that it has been formed and has developed 
whilst denudation was going on. In the Folded Jura the development of 
land forms may be expected to depend upon the constantly changing 
intensity of the endogenetic movements in the same way as it has been 
shown to do to a greater extent in the area of broad folding*. Speaking 
quite generally, when crustal movements have produced, as it were, 
images of themselves in the present relief, the structural features of the 
stratification exhibited in denudation areas cannot all be taken as finally 
fixed, and 90 treated in the study of their morphological development. 
For wherever the characteristic features of the land forms are to any 
great extent determined in their details by the character of the rock, their 
development is immensely affected by the further growth of the structure. 





CHAPTER 1 
REDUCTION OF ROCK MATERIAL* 


nly here and there, and fora limited time, do rocks freely exposed 

# at the earth's surface still preserve the characteristics due to their 
mode of origin, i.e. outcrop with chemical composition and texture un- 
changed. Instead, there is a zone of altered rock material covering almost 
every place where material ts not being deposited, but is-being removed 
by denudation. These rock derivatives form the actual surface of the solid 
earth. ‘Their thickness varies considerably; on steep rock faces they are 
absent or reduced to a weathered crust of only a few millimetres; their 
thickness generally increases as the gradient of the slope lessens, and 
may reach teris of metres. At the same time the nature of this mantle of 
altered rock changes; it consists of fragments of more or less fresh rock 
mixed with substances in which the original properties of the rock 
material can no longer be recognised. The quantitative ratio of the 
rock fragments, the nibble, to the products of completely transformed 
rock is very varied and changes from place to place in a characteristic 
manner. In just the same way there are regular differences in the chem- 
ical nature of the transformed products. Not only can these be referred 
back to differing degrees of transformation, but they also affect products 
of the same degree of transformation as found in the various parts of the 
earth. In spite of-all these differences, the substances in question have 
this in common: their formation is associated with a loosening of rock 
texture, leading to a complete disintegration into separate particles, We 
therefore speak of reduction of the rock muterial. The longer the processes 
of rock transformation are at work, the further this reduction is carried: 
and it ceasea only with the formation of unalterable end-products, Con- 
sidering their mechanical properties only, they are in.a state of the greatest 
possible incoherence and so possess the greatest possible mobility. The 
Progresstee reductton of rock brings about increasing mobility of the crustal 


1. NATURE OF WEATHERING, EXPOSURE 
The very fact of the reduction of rock shows that what is exposed is 
hot in a state of equilibrium, ‘This ia trae not only for the crystalline 
® Aufhereitung. |Sce glossary.) 
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silicate rocks, tut also for sediments of every kind. Both owe their chem- 
ical and mineralogical composition, their texture and their structure 
(jomting, foliation, ‘stratification, etc.), not only to the nature of the 
original material, but just as much to the physical conditions under which 
they were formed and to the various processes that have occurred at 
their place of formation. Thus for the origm of igneous rocks, of crystal- 
line schists, and of chemical sediments, there 1s always a definite eritical 
pressure and temperature; the properties of other sediments, especially 
their cohesion, depend upon the processes of consolidation included 
under the term diagensis (cementing by precipitation from circulating 
solutions, and especially the changing of colloidal constituents into a 
crystalline form). As regards the sum total of the factors influencing 
their origin, the rocks are in equilibrium; and they would preserve the 
characteristics due to this unchanged, were the external conditions to 
remain unaltered. But these conditions are changed when the rocks come 
into contact with the atmosphere, and are thereby exposed to the forces 
acting at the visible surtace. 

Directly and indirectly, these forces depend to an overwhelming ex- 
tent upon solar radiation, The other factor is found in the chemical 
properties of the mobile coverings of the earth, Rock ts no longer in a 
state of equilibrium when it has been torn away from the surroundings 
associated with its formation, and exposed to fluctuating temperatures, 
varying amounts of moisture, and the chemical action of water, carbonic 
acid, and various other agents with which it comes into contact. ‘There 
are in addition the mechanical and chemical effects of the biosphere, 
particularly of the plant cover. The rock matenal can no longer exist in 
the sume form, and has to adapt itself to the new external conditions, i.e. 
a fresh state of eqpulibrium must be attained. The process of weathering 
consists of the physical and chemical changes thus brought about. | 

Weathering is, therefore, a phenomenon associated with the adapta- 
tion of the material to the physical and chemical conditions prevailing 
at the earth's surface. The necessary condition for tts occurrence is the 
exposure of the rock surface to atmospheric condttrons; and tt cannot con- 
tinue uniess this exposure ts preserved. At first, there is the same degree of 
exposure at all parts of the surface, independent of gradient. lf, how- 
ever, differences do develop, it is the result of the subsequent phenomena 
due to reduction of the rock, or else it is the effect of vegetation covering 
the rock surface. On the whole, the rock is reduced to a greater extent, 
the greater the area of rock surface freely exposed. Comparing upstand- 
ing areas of the same size in ground plan, but of different heights, those 
of greater altitude have stecper flanks and a greater surface exposed to 
weathering. Therefore, for the same conditions in respect of rock prop- 
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erties and climate, there is a greater amount of rock reduction and more 
fresh rock given over to weathering than where the height is less (assum- 
ing equal base measurements). ‘This is one of the reasons for what is to 
be observed all over the earth, the fuct that on greater heights with 
steeper slopes there is more thorough demolition of the rock than on 
lower elevations with gentler slopes. 

It is impossible to overestimate the significance of exposure as influen- 
cing denudation, and of the processes at the earth's surface which prepare 
for it and bring it about. Special attention must therefore be given to 
tracing the conditions which determine the preservation or, as the case 
may be, the renewal of exposure. 


2, WEATHERING PROCESSES*® AND THEIR PRODUCTS 

The processes which take part in rock reduction fall into three cate- 
gories: (a) physical, (b) chemical, (c) physico-chemical. In the first group 
are those of mechanical weathering; they bring about mechanical dis- 
integration of the rock without altering the composition of its substance, 
‘The second group is that of chemical weathering; its effect is the trans~ 
formation of the substance. Near the visible surface, rock is disintegrated 
into fragments of various sizes, as a phenomenon accompanying the 
change into chemically-altered end-products, The process of solution 
belongs to the third group. In many ways it is connected with chemical 
reactions, and is therefore generally ranked with chemical weathering; 
but it may attain great independent significance. It also is accompanied 
by surface disintegration of the soluble rock into fragments. ‘The three 
processes of destruction do not work separately, but are to be seen act- 
ing simultaneously all over the land surface. However, from one region 
to another, the part which each plays in rock reduction vanes in im- 

(a), MecHANICAL REDUCTION 
Effect of Insolation 

All over the world the most conspicuous feature of weathering is the 
mechanical loosening of the rock fabric. Immediately above the un- 
altered rock there is always to be found—that is, apart from certain 
exceptions to be considered later with their causes—a zone essentially 
composed of rock fragments with the same general composition as the 
underlying rock (the rubble horizon, or rocky horizon, of the soil pro- 
file), Physical and chemical processes share in its formation. Amongst 
the former, special importance must be attached to the factor chiefly 
responsible for mechanical weathering, namely, fluctuations in tempera- 
ture at the rock surface, or ground temperatures, | 
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Fluctuations in the temperature lead to fluctuations in the volume of 
the rock; and in the long run no rock fabric can withstand this. The outer 
surface of the rock expands and contracts with the changes in tempera- 
ture more readily than do the interior parts. ‘Thus tensions are set up, 
and in spite of the smallness of the amount by which the volume varies**, 
they cause flakes to split off from the surface. Where rocks are granular 
and composed of several minerals, differences in their coefficients of 
expansion also play a part, unequal expansion and contraction effecting 
disintegration into the grams of the individual minerals. 

For this kind of mechanical reduction, the decisive factor is not the 
‘absolute magnitude of the temperature differences, but the rapidity with 
which they occur®*. The more quickly expansion and contraction follow 
one another, the greater are the tensions in the rock, and it is these which 
bring about its disintegration. With slow fluctuations of temperature 
the material has time to adapt itself; the tensions are m this case amall, 
and insufficient to burst the rock fabric apart. hus the differences in 
the air temperature, which are passed on to the ground, matter com- 
paratively little for the disintegration of rocks: the contrasts between 
summer and winter are of no importance, those between day and night 
only where they succeed one another rapidly. This is, however, the case 
in arid belts of the world and in the central parts of continents™, since 
here (t) atmospheric moisture and (2) ground moisture are alight or 
absent altogether. As a mile, moisture in the atmosphere decreases the 
amount of heat received and that radiated. Thus changes in the ground 
temperature are slowed down and their range diminished, On the other 
hand, ground moisture absorbs a large part of the heat supplied to the 
ground, and on cooling gives it up again but slowly. In this way, the 
heating and cooling of rocks are very much lessened and slowed down. 
For these reasons, the fluctuations of ground temperature in the moister 
climatic regions have scarcely any practical effect on rock reduction, The 
horizon of stony soil seen there usually owes its origin to other causes, 

The ground's greatest and most rapid temperature differences are 
brought about not by the temperature of the air, but by direct insola- 
tion; and in this connection the above mentioned influence of air mois- 
ture and ground moisture playa an important part. In arid regions. 
moreover, the rock surface is bare or covered by only sparse vegetation, 
and so insolation can act unimpeded. Weathering due to temperature 
changes is essentially a consequence of insolation, It is entirely absent from 
humid regions with their well-developed plant cover: its main distribu- 
tion coincides with the arid areas of the world. 

Fragmentation of rock by insolation is a phenomenon of the outer- 
most surface. [t does not reach even the few metres’ depth to which 
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fluctuations of soil temperature are measurable, but is confined to the 
far thinner peripheral zone in which rapid contrast of temperature make 
themselves felt. No measurements are available, Also, there is by no 
means unlimited disintegration of the rock through insolation, ‘The pro- 
cess itself does, indeed, give rise to fragments of all sizes, down to fine 
and very fine particles such as are also incidentally produced when rocks 
are broken with a hammer. They are, however, merely a by-product of 
the destruction brought about by insolation, and their production ends 
with it. This end is reached when the rock fragments have become so 
small that there is no longer any great separation in time between the 
reactions of their surface and of their core to changes of temperature, as 
shown by changes of volume. It thus depends upon (a) the rapidity of 
the temperature changes and (4) the rock's conductivity of heat®*, For 
good conductors, the disintegrating effect of insolation ceases to be felt 
whilst the size of grain is larger than for poorer conductors. Rocks of a 
close-textured type occur as grit among the end-products of such dis- 
integration; complex granular rocks (with different crystalline com- 
ponents, or with a different cementing matenal between them) are at 
least broken up into their components. 

Insolation rubble is, as regards texture, characterised by a mixture of 
grains of all possible sizes, and this is so during the whole course of its 
formation. In the early stages, large fragments predominate, with grit 
and fine particles little in evidence; when development is advanced, these 
latter have increased very considerably; and in the final stage, the fine 
particles are absolutely preponderant over the various grades of grit 
which represent the smallest size for the granules derived from the 
various rocks which differ in their power of conducting heat’. 


Frost Weathering 

Frost shattering occurs where temperatures are near freezing point 
and the rocks contain water; and this is perhaps the most powerful factor 
in mechanical reduction. It is due to the fact that water, as it freezes, 
expands by one eleventh of its volume, If it is in rock fissures, these are 
widened and become branched; for the water, which freezes from above 
downwards, forms a stopper of ice preventing any escape of the water 
that is lower down in the rock, even if this does solidify with expansion 
of its volume. The pressure thus exerted is passed on hydrostatically, in 
all directions, including downwards, by the water that is not yet solidi- 
fied. ‘Thus the mechanical loosening of the rock fabric extends deep 
down, past the zone of freezing. But it would be wrong to assume that 
this effect reaches to absolutely any depth, or on the whole increases ‘in 
an unlimited manner as frost action progresses downwards. According 
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to P. W. Bridgman’s investigations, the shattering effect of freezing is at 
its maximum at —22° C,, when it exerts a maximum pressure of 2050 
atmospheres per square centimetre: Below this temperature, the water 
freezing in a closed vessel, and therefore in rock fissures which are 
closed above, no longer forms the ordinary kind of ice, expanding in 
volume, but the modification Ice II], which contracts as it solidifies**. 

This throws light upon the magnitude of the loosening force exerted by 
frost weathering; but it also shows the limitation of its field of actian, 
since in closed fissures and capillaries the maximum pressure is very soon 
reached, Even under the most favourable circumstances, frost shattering 
may come to an end at a few metres’ depth. 

An essential preliminary to frost weathering Is the existence in the 
rock of hollow spaces, for absorbing water, i.e. an original porosity, or 
else ‘a fissuring which rocks may acquire secondarily, e.g. from tectonic 
stresses, The size of grain in frost-produced rubble is generally decided 
by the density of the network of fissures in the unshattered rock (or by 
its latent capacity for fissuring). In addition, there are quantities of rock 
splinters, fine as dust, which have been split off parallel to the surface of 
the rock by rapid changes of temperature™. 

The region subject to frost weathering lies near the snow-line or 
beyond it; it is characteristic of the polar zones and the high parts of 
mountain regions, and also, seasonally, of those temperate lands across 
which the snow-line moves backwards and forwards once a year, It ts 
absent, of course, from perpetually warm, moist regions, and from arid 
ones. ‘The rocky horizons of the soils of the temperate zone may be 
partly caused by frost action, but neither exclusively so, nor everywhere. 

Going fram the snow-line in the direction of increasing warmth, the 
period of winter frost becomes shorter and shorter, and frost action 
occurs less and less frequently. All the same, the rubbly horizon does 
not seem to disappear in that direction, not even where the effect of 
insolation is eliminated. Beneath a vegetation cover, the pressure 
exerted by growing roots (pretsure from roots) especially by those of the 
higher plants, has a certain significance for the mechanical loosening of 
rock into the fissures of which the roots wedge themselves. This: is, of 
course, the case only where the root system reaches down as far as, and 
below, the bottom of the rocky soil, ic. where the cover of weathered 
material is no thicker than the depth of the roots. In considering mech- 
anical weathering, it is easy to overestimate the significance of the vege. 
tation cover. Thus too little weight is often given to the mechanical 
reduction (not mechanical weathering) thich occurs ax a phenomenon that 
accompanies chemical weathering, and locally solution as well®*, Since these 
processes act along the lines of weakness present in the rocks, such as 
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bedding planes, foliation surfaces, fissures due to contraction, and espe- 
cially the joint planes which divide all rock up into separate pieces, the 
parts enclosed by the paths of the chemical weathering, though them- 
selves unattacked, become loosened from the rest of the rock. ‘They are 
brought out of their places by changes in volume due to chemical altera- 
tion, or by fluctuations in volume of the chemically weathered material 
dependent upon varying amounts of moisture in it (swelling and shrink- 
ing of colloids); and they become heaped into the irregular piles charac- 
teristic of the rubbly horizon. There is no place in the world entirely free 
from such mechanical reduction by chemical processes. The region of 
frost weathering is the most nearly so, and next in order comes that 
where insolation is the dominant factor. In hot wet regions they are the 
chief way by which mechanical loosening of rock fragments occurs, and 
they are the typical way for the temperate zones. 





(4) Cuemical WEATHERING 

Chemical weathering is bound up with the presence of water. This is 
in part split up into H* and OH~ ions and therefore acts as acid or base 
according to whether the compound attacked consists of a weak acid 
and a strong base or vice versa. Silicates are affected, first by the action 
of the acid: later, apparently, by that of the hydroxyl tons, and are split 
up (hydrolysis), Amongst others, A, D. Cushman and J. Hubbard have 
shown that, in the weathering of silicates, hydrolysis 1s far more impor- 
tant than the acids, e.g. carbonic acid, etc.“, brought to the rock in the 
water. This, as well as other acids, reacts especially with the bases re- 
leased from the broken down silicates, thus forming salts, some of which 
are more readily soluble; what is left remains behind as an ingredient of 
the eluvial soils. The chemical processes generally become more vigorous 
as the temperature. rises, not so much because the salts are then more 
soluble as because of the greater ionisation of the water, this being about 
twice as great in the tropics as in the temperate regions. Below o* C, 
chemical weathering ceases. Thus it rarely occurs beyond the snow-line; 
and, though it is by no means entirely absent, it 1s of even less signi- 
ficance there than in the arid regions of the world, where scarcity or 
absence of water checks chemical change. Its main field of action lies in 
temperate lands, especially where there are warm humid conditions 
giving equable temperatures. 

Chemical weathering is substantially aided by a plant cover and by 
bacteria. This is, first, because the excretion of chemically active sub- 
stances (e.g. acids)** occurs wherever the processes of life are being 
carried on: and further, because a continuous cover of vegetation stores 
up the water which plays an important part in weathering, giving it up 
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only slowly to the substratum (preservation of moisture in the rock and 
lengthening of the period during which water acts chemically upon the 
rock surface); finally, and above all, becwuse the dead parts of plants, as 
they decay, excrete chemically active substances (such as carbonic acid), 
as well as themselves changing into what is of the greatest importance 
for the reactions occurring in the soil, viz. humic substances. These are 
the residues of organic decay, which become mixed with those of organic 

The new knowledge that colloids** form a large part of the products of 
chemical weathering is of fundamental importance, not only for pedology 
but very specially for the question of denudation, This applies not only to 
the silicic acid set free from silicates, which readily loses its colloidal 
form, but alzo to the hydrated oxides of iron and aluminium and to their 
compounds with silicic acid; the lengthy series of the clays and loams 
(eluyial) belongs here. They represent the more or less uniform end- 
products of chemical weathering that result from the very varied types 
of rock found in the world, and their properties depend in detail upon 
the climatic conditions under which they were formed. ‘Thus they are 
occasionally referred to as elimatie soils®’. In regions of predominantly 
chemical weathering, they result from the further reduction of the rocky 
horizon, when this has not already been removed by denudation; and 
they then form a characteristic horiman above the rubbly zone, one which 
becomes poorer in rock fragments from below upwards. 

Colloids possess toa high degree the property of taking up water and 
mitral substances, not in chemical but in mechanical union (adsorp- 
tion)**, By this means they swell, attain an ever increasing mobility and 
can finally pass into a state similar to that of a solution (sols). On drying 
up, mobility is again completely lost; clay, to take an example of soil 
colloids, becomes cohesive, it bakes hard. But this is not the case when, 
instead of pure water, it was an aqueous solution of salts that had been 
adsorbed by the colloids; for, as drying proceeded, they became saturated 
with substances cupable of crystallisation. In such a case, the dry colloids 
of the soil are crumbly, mobile like dry sand or dust, and are not 
cohesive. These conditions are of the utmost importance to denudation; 
and it is far from being a matter of indifference whether colloidal com- 
ponents ure present or not in the weathered material awaiting transport, 
and what conditions influence its accumulation or removal. _ | 

Salt solutions precipitate the colloids, and thus prevent their being 
carried away in the form of sols. It is assumed that the effect is produced 
by the iona, split off from the salts, apposing themselves to the colloidal 
particles carrying the positive or negative charges, and neutralising these. 
Flocculation of the colloids from their aqueous solution also takes place 
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when colloids with different charges meet. Because of its extraordinarily 
wide distribution, limy material plays an important part in the distribu- 
tion and fate of aoil colloids. Precipitated colloids accumulate on lime- 
stone, the Mediterranean red earth (terra rossa) being an instance of 
this"*. 

Such precipitation through the agency of salts ts rendered more difhi- 
cult by the Aumic swhstances which, because they react like acids, used to 
be called ‘humic acids’®*. ‘They, too, are colloids, but they are not nearly 
so easily precipitated by electrolytes as are the inorganic collvids. "These 
latter apparently take up (adsorb)" greater and greater quantities from 
the humic materials, and so they finally acquire the same property of 
slighter sensibility to the precipitating influence of electrolytes. Adsorp- 
tively unsaturated, so-called acid, humus not only dissolves certam soil 
colloids, but also prevents their precipitation. Adsorptively saturated, 
neutral humus does not possess this property. It does not exist in a dis- 
solved form, but is admixed with the soil colloids, and when soaked with 
water it has, like them, the property of a high degree of mobility (the 
well-known smeary pap-like quality of wet loam). 

"Thus it is very important, in making a critical examination of the pro- 
cesses of denudation and how they work, to know where the humic 
substances occur. They do not simply coincide in distribution with the 
earth's vegetation cover; but, according to R. Lang’s work, are associated 
with a definite relationship between mean temperature and moisture, the 
rain factor. This indicates the average amounts of precipitation occur- 
ring ina district for each degree Centigrade. Similar numerical ratios 
are obtained for low temperatures and small amounts of moisture, or for 
high temperatures and abundant moisture, A certain numerical value of 
the rain factor marks out the area where humic substances occur, just a8 
other numerical values seem to be characteristic in respect of other quite 
well-defined soil types. These values of the rain factor mean, in every 
case, the optimum conditions under which, in the most favourable circum- 
stances, that special type of soil comes into existence at a given place, and 
under which the humic exchanges in the soil take their characteristic 
course’?. Chemical weathering goes on to a quite considerable extent 
throughout the zones extending from the equator to the summer snow- 
line. Continuous vegetation covers only narrower belts, viz. three strips 
which are separated by the two arid belts; and for humic weathering the 
space is narrowed down again within those three strips. | 
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(c) SOLUTION 

In regions where there are humic substances, the weathered material 
becomes poor in inorganic colloids, These, like the soluble salts, are to a 
large extent carried away; part reaches the rivers and ao is lost to the land 
surface®*, On the whole, the process is one of solution (leaching). Ana- 
jogous processes in regions of easily soluble rocks such as gypsum, lime- 
stone, dolomite, etc., reach an important independent development 
wherever the rocks are provided with sufficient moisture. It is not so 
much the simple solvent effect of chemically pure water as the influence 
of aqueous solutions which react with the soluble rocks. Another well- 
known fact of prime morphological importance is the tenfold increase in 
solubility of limestone in water which contains CO, this is brought about 
by the formation of the readily soluble bicarbonate™*, If in such water 
there is even a very minute proportion of carbon dioxide existing in the 
form of H,CQ,, this acts as a strong acid on account of its very con- 
siderable dissociation into H* and HCO,~ tons, and it can attack even 
siliceous rocks successfully. 

The solution of limestone 1s thus really dependent upon chemical 
change. It differs, however, from most of the other hydrochemical re- 
actions in that, on precipitation from the solution the original material, 
the normal carbonate, is regained, ‘This can be observed wherever car- 
bonte acid is removed from the solution by a rise in temperature or a 
lowering of the pressure (as when calcareous solutions leave narrow 
fissures for wider ones), or by biological processes (through plants). It 
has often been debated whether the phenomena of limestone solution 
must not be actually absent or at least greatly reduced in the tropics, 
since the absorption of carbon dioxide by water decreases with rise of 
temperature (at a pressure of one atmosphere), That is correct. However, 
carbonic acid is not the only solvent, for humic substances have an ana- 
lorous and no less extensive action in destroying readily soluble rocks. 
Credit is due to K. v. Terzagi for having pointed out the extraordinary— 
and usually very much under-rated—significance of vegetation in the 
solution of rocks, especially of limestone**, In the Limestone Alps, for 
example, on reaching the upper limit of forest, one becomes aware of 
how cushions of vegetation are, as it were, sunk into the limestone. 
There is a widening of all those hair-like cracks of tectonic origin which 
are close shut in the unaltered rock; and cushions and strings of dead 
and living vegetation can be seen at the bottom of them. As soon as the 
gaping cracks and clefts produced by vegetable solution intersect, the 
rock disintegrates into fragments bounded by smooth surfaces, which 
generally meet in sharp edges, Before this disintegration occurs, the rock 
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is penetrated in all directions by lapiez-like furrows**, which bear no 
relation to the surface gradient. Similar features may be observed in 
other rocks also (an excellent example is afforded by the granite of the 
Brocken, Fichtelgebirge, ctc.), and in humid regions this is the typical 
minor land form associated with solution*®*. 

Exactly the same thing takes place, but toa much greater extent, under 
a continuous cover of vegetation, and so in forests, and can be seen at 
the base of uprooted trees. Here the processes are intensified to an extra- 
ordinary degree, and they amount to major effects which are not to be 
found in a similar form outside the forested areas. The discussion. of 
Karst phenomena will bring us back to these conditions, 

‘There is a widespread opinion that no chemical weathering or solu- 
tian takes place in arid regions, since water is lacking. This is not correct. 
Even the driest parts of the world receive dew and—though it may be 
but rarely—precipitation; and by no means all the water evaporates at 
once, On the contrary, even here part trickles down to the water table 
which, although very deep down, is present®*. In this way chemical 
work (hydrolysis) and solution are effected. "The latter is brought about 
particularly by the salts, such as sodium carbonate, which are dissolved 
in the scanty circulating waters. This dissolves the silica, alumina, ctc., 
to a considerable extent. Water lingers longer in small hollows than on 
the surrounding parts. Before it evaporates, it has accomplished its work 
of destruction and leaves behind it crumbling residues which the wind 
carries away. So these minute hollows grow in depth and width, and 
may become the great water holes which play an important part in anid 
regions and contain reserves of water.* E, Kaiser gives an account of the 
origin of large basins of interior drainage in the Namib, which arose in a 
similar way in places where easily attacked Cambrian strata were left m 
the synclinal cores of the fold structure. ‘The floors of these basing are 
described as places of intense chemical weathering and solution, and the 
residues that form here (adsorptively saturated, crumbly colloids to- 
gether with sand and rubble) are partly removed by the wind’. The 
flanks of the basins, on the other hand, develop in a normal way under 
the influence of denudationa!l processes that will be discussed later, and 
they are therefore practically unaffected by the wind. But they can 
develop only because the basin floors are places where the reduction of 
rock is going on intensively, and where material is being removed by 
wind, so that they have been lowered. Similar conditions seem to prevail 
in the great of the Libyan Desert which have generally, but most 
incorrectly, been held to be major forms of denudation by wind. 

If salts are present in greater quantities, they crystallise out on the 


*'Hankwasser’. 
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rock surface from the concentrated solutions; but within the rock they 
remain active for a long time and lead to internal rock decay. If the 
brittle rock core comes into contact with the atmosphere, it may be 
cleared away, and the chemically unaltered shell, often no thicker than 
paper, becomes an envelope for cavities widening towards the interior. 
Such are particularly often to be seen in crystalline rocks, ¢-g. in the 
granite of arid and semi-arid regions; and they are called ‘Tafomi in 
Corsica. The honeycomb-like, differential weathering of sandstones 1s 
due to similar causes. Here it is especially the cementing material that is 
decomposed and dissolved by salt solutions, the loose sand grains being 
blown away or otherwise removed, The phenomenon, previously taken 
to be a specific desert formation, has not the least connection with 
climatic peculiarities, but is bound up with the occurrence of circulating 
salt solutions of dilute acids, It is excellently shown in the Quader sand- 
stone of Saxon Switzerland or the Bunter sandstone of the Palatinate 
Forest *”. 


3, RATE OF WEATHERING AND DIFFERENTIAL 
WEATHERING 

Any force of given intensity, attacking uniformly all over a surface, 
achieves greater results in unit time when in a less resistant region than 
when in more resistant surroundings. The widespread phenomenon of 
differential weathering depends upon this law. Such an attacking force 
affects by the same amount all places having the same degree of expo- 
sure; and its definite, constant intensity is fixed within the limits of areas 
which have corresponding climatic condinons, With equal exposure, 
e.g. in places where the rocks are freely exposed, or where they are 
covered by a deposit of the same kind and thickness—weathered 
material or a plant cover—the amount of weathering in unit time de- 
pends upon the character of the rock. That property of rocks which, 
other things being equal, determines the rate of weathering ts called its 
resistance to weathering, 


RESISTANCE TO WEATHERING 

The causes of this are to be found, on the one hand, partly in primary 
characteristics owing their origin to the way in which the rocks have 
been formed, and on the other hand, partly in such as have been acquired 
afterwards. “I'o the first group belong chemical composition, texture, 
and such primary structures as parting along bedding planes, foliation 
surfaces and contraction planes; to the second group, the way in which 
these planes lead from the earth’s surface into the interior of rock bodies, 
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which means the attitude of the beds, and more particularly the way in 
which all rock complexes are disintegrated by mechanical and especially 
by tectonic stresses into small pieces of varying size by fractures, which 
either have already formed or are forming a close network of cracks. 
These, together with the partings due to primary structure and the 
porosity which is particularly characteristic of clastic rocks, form the 
inner surface* of the rocks, which is in communication with the outer 
surface, the outcrop. 

This inner surface is of the greatest importance for all those processes 
of weathering in which water in any form takes part, since it allows the 
Water to penetrate to the interior of the rock complexes, and so defines 
the paths of the weathering. The greater the surface of attack, the more 
weathering can accomplish; the available surface increases, however, 
with the size of the inner surface". Rocks that are more highly jointed, 
for example, are—other things being equal—more liable to destruction, 
either by frost, chemical weathering or solution, than those which are 
less well jointed. In porous sandstone it can be seen that the cementing 
material is most decayed where the decomposing solutions. could cir- 
culate most freely, as where the parts that have retained their porosity 
remain between former-cracks filled in earlier by deposits from solution, 
These latter stand out as ridges when the weathered particles are re- 
moved. In addition, there is the original difference in the chemical com- 
position of the crustal rocks which enables them, at a given place, to offer 
a different degree of resistance to the: chemical agents at work there, For 
example, crystalline siliceous rocks are obviously far more subject to 
chemical weathering than sediments which, like quartzite or clay, have a 
composition that corresponds to the end-products of weathering. But 
there are also finer differentiations, since, for example, the individual 
silicates have very different powers of resistance to chemical attack by 
water or aqueous solutions, In consequence of this, siliceous rocks of 
varying mineral composition, possess varying powers of resistance to 
chemical action; just as in the series of the more chemically stable sedi- 
ments there are differences arising in the same way—always AauUMIng 
that otherwise the properties, exposure and climatic conditions are simi- 
lar. ‘There is no need to discuss further the importance of different 
degrees of rock solubility in the process of solution. Mention has already 
beet: made of the fact that breaking up by insolation depends upon the 
capacity for conduction of heat resulting from the texture and mineral 
composition of the rock concerned, ‘To supplement this, reference may 
stronger heating effect than light coloured, and so are subject to greater 

*(Cf. p. 1g—extent of pore space.] 
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and more rapid fluctuations in volume, and disintegrate more easily, 
than the latter, In arid regions, furrows are thus often associated with, 
for example, veins of dark coloured igneous rock. 

Resistance to weathering is thus based upon the various properties of 
rocks. It i different not only for rocks of different composition in. the 
same climate, but also for the same types of rock in different climates. It 
depends not only upen original characteristics due to the manner of 
formation, but also upon what the rocks have since undergone. Two 
things must in particular be considered. On the one hand, there are 
changes in texture such as occur with diagenesis, bringing about an in- 
crease in crystallinity. For example, pure limestone 1s on that account 
generally leas easily soluble with increasing geological age; because of 
changes due to infiltration, the porosity becomes less (consolidation of 

ture), and the degree of crystallinity is increased. On the other hand, 
there is the cracking due primarily to tectonic stresses. To be able to 
associate the differences in cracking with specific elastic properties of the 
rocks, the comparison must be made between those from zones of similar 
tectonic development. A malm limestone of the Swabian Alb differs 28 to 
the extent of its inner surface from an Alpine limestone of the same age 
and composition, and as regards resistance to weathering is not directly 
comparable with any other Alpine rock: 

It follows from this that a morphological grouping of rocks, based on 
their resistance to weathering, is not feasible. Attempts at this are there- 
fore of only doubtful value even when restricted to. a definite climatic 
region”, 

Differential weathering produces effects of two kinds. ‘The indirect 
one has-been already indicated when treating mechanical reduction by 
chemica) weathering. Since this penetrates deep down, especially along 
the cracks, etc., it loosens solid pieces, bounded by the interior surfaces, 
from union with the rest of the rock. The same thing happens in the 

wess of solution. Hence solid rock fragments are by no means missing 
from residual soils, even in regions of exclusively chemical weathering 
and solution. Rivers everywhere receive weathered material, and it is 
these fragments in it, and not the dissolved or suspended colloids, which 
do mechanical work. In those parts of the world where mechanical 
weathering i4 practically non-existent, running water owes part of its 
tools to differential chemical weathering (examples being the mvers of 
wooded karst or of forested tropical mountains), 

The second effect of differential weathering ts to make evident the 
heterogeneity of rocks. It appears in the form of relief, since depressions 
are related to the zones of weakness, and elevations to the more resistant 
parts of the rocks, [t is not the absolute values af resistance to weathering 
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which form the criterion, but the relationship of these to one another im 
neighbouring type: of rack, a relationship which caries from place to place. 
One and the same dyke of igneous rock may, as is well known, nse like 
a wall from less resistant surroundings, whilst it becomes 4 furrow on 
entering a more resistant type of rock. The differences tn resistance of 
rocks to weathering become evident. That is, however, no longer a direct 
effect of weathering, but a consequence of removal of the reduced rock 
material, Where there is no such transport, naturally neither the lack of 
homogeneity in the rock, nor the differential effects of weathering caused 
by this, can become visible. 

Therefore, when rocks can be distinguished in the relief, it means 
that a greater amount of the one type of rock has been reduced, become 
capable of removal and been removed in unit time than of another, more 
resistant to weathering. Hence resistance to weathering can be summed 
up in the following way: rocks are resistant when the process of reduction 
takes a comparatively long time to bring them to a form that can be de- 
nuded, ie. one of sufficient mobility; unresistant rocks are those in which 
this transformation takes place more rapidly, assuming that the condi- 
tions of denudation are the same in both cases. 

If in unit time just twice as much material, for example, is reduced 
and removed from one rock as from surrounding more resistant ones, 
the difference in relief Increases 28 time goes on, since the smallest effects 
achieved in unit time are always twice as great on the one aide of the rock 
boundary as on the other, and these differences are cumulative, It 
follows from this that—under simvilar conditions of denudation and with a 
constant difference between the rocks—the adaptation of land form to differ- 
ence of rock material is a function of time. 


4. UNIFORMITY IN THE PROCESS OF ROCK REDUCTION. 
THE SOIL PROFILE 

Weathering acts over the surface; and, with the same exposure, as well 
as attacking factors of the same kind and magnitude, that is ina region 
of uniform climatic conditions, each portion of the surface is affected to 
an equal degree, Provided the upper surface of the crust were homo- 
geneous, weathering would strike equally deep everywhere; and after the 
lapse of a definite time there would be a superticial rind of rock with a 
definite thickness converted into a product of weathering with a definite 
composition. If, in such a case, pure end-products of weathering have 
arisen, these form the uppermost horizon of the soil profile, In regions 
where chemical weathering 1s predominant, this would be loam or clay 
of a composition dependent no longer upon the original material, but 
. PMA. 
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upon climatic conditions. In a complete soil profile there follows below 
that a mixture of the end-product with more or less altered rock frag- 
ments, which increase in number and size downwards, becoming: 
fresher, whilst the amount of the colloidal end-products decreases, ‘Thus 
the rubbly horizon develops downwards, then comes the zone of merely 
loosened parent-rock, and finally that where it is unbroken. This is 
below the limiting depth to which, up to that time, weathering and the 
chemical changes connected with it extend; but between the zone of 
loosening and that of rock rubble there is a lower limit, of special impor- 
tance to denudation,* where mechanical rearrangement has been com- 
pleted for particles separated off from the coherent rock mass, In regions 
where mechanical weathering is predominant, a complete soil profile 
shows, from below upwards, above the zone of merely loosened rock, 

chanically reduced rubble of ever smaller grains, with an increasing 
admixture of fine to very fine particles. 

The horizons of the entire soil profile, as they succeed one another, 
ghow increased reduction from below upwards; but naturally they are 
not sharply marked off. They develop from one another in such a way 
that loosening pushes further down into the unbroken rock, whilst from 
the former zone of loosening there develops a rubbly horizon, and from 
the upper parts of that, the pure end-product. The soil profile grows in 
depth; and its uppermost horizons, lying exposed at the surface, are 
always composed of that part of the rock earliest, and so longest, sub- 
jected to reduction. ‘Thus, as time goes on, the mass of the reduced 
material increases and the degree of reduction. ‘These two have a very 
different significance for denudation. The amount of reduced material 
produced in unit time determines how much rock can be denuded even 
under the most favourable given conditions: no more than exactly the 
amount that has been reduced, i.e. has become loose and mobile. ‘The 
degree of reduction, on the other hand, affects the onset of denudation 
and the course of its development at the place considered. 

It is not known how long a time is required for any particular rock to 
become foosened, and then to develop a rubbly zone and finally an 
horizon of purely end-products. ‘Therefore it is not known how lang a 
period of reduction is needed for soil horizons to develop from one 
another in the direction of an increasing degree of reduction. All that is 
certain is that it takes considerably more time for the unmixed end- 
product to develop from the zone of coarse rubble than for the latter to 
arise from the zone of loosening. The following statement makes this 
clear: the task assigned to weathering may be expreased by the frequency 
of division necessary for cutting the material up into smaller and smaller 

* [See pp. 53-34-] 
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fragments (i.e. by the number of the divisional planes). ‘Thus it is obvi- 
ous, that the mere loosening of the rock is a far smaller task than the 
multiple subdivision in the mibbly horizon, and this again is one im- 
measurably less than the decomposition of the material into colloids or 
very fine dust, which means an almost infinite multiplication of the pro- 
cess of division. he number of divisional surfaces grows in geometrical 
progression, If such an ever increasing task were to be performed in 
consecutive equal periods of time, the intensity of the reducing pro- 
cesses would have to be raised to the power of the number of such 
periods. But, physical and chemical agents taken together have,:on the 
whole, a constant intensity ata given place**. Therefore it follows that, 
compared with the later phases, the initial stages of rock reduction are - 
actually passed through far more quickly: that it takes a shorter period of 
reduction to loosen rock than te change the zone of loosening into one of 
rubble: and that this latter again arises much more rapidly than the end- 
product develops from it—ahweys assuming similar exposure. The degree 
of reduction is not proportional to the duration of the reduction; but, the 
exposure being the same, decelerates. 

But that does not apply to the quantity af rock material reduced, It can 
easily be seen that equal lengths of time will always be required for 
reduction to produce, from an Ly given rock, one and the same soil horizon 
with a similar profile below it. If the whole of the soil cover could be 
removed from the unaltered rock surface, then weathering would have 
to work exactly the same length of time at that same spot as on the first 
occasion in order to produce a similar new cover of soil identical in 
thickness with the same surface horizon at a similar stage of reduction 
and with the same sequence of horizons below. The same amount of 
material has then been reduced as in the first instance. In the same way, 
for neighbouring places on the earth's surface which have the same type 
of rock and of climate, weathering needs the same amount of time to 
reduce similar quantities of rock into a soil cover of corresponding thick- 
ness and identical profile development, with the same topmost horizon at 
a similarly advanced stage of reduction. If this is nearer to the state of 
completion, the times of formation are correspondingly very much 
longer, as shown above; if further from completion, they are relatively 
shorter. But profiles with the same topmost horizon have invariably had 
equally long periods of formation, provided corresponding processes of 
reduction are acting on the same types of rock. This important relation- 
ship is what is meant by uniformity # in the reduction of rock. It is a concept 
of fundamental importance, for it provides perhaps not an absolute yet 
a relative measure of the intensity of denudation, since it becomes 
possible to compare the work achieved in the same periods of time 
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by the uniform reduction and by the non-uniform denudation of 


5. UNEQUAL EXPOSURE 

The phenomena so far investigated have been those which may be 
observed at places with similar exposure and similar climate. One condi- 
tion for unequal exposure has already been considered: the plant cover 
(pp. 38, 40, 41, 44-45). Where there is a continuous cover it entirely 
prevents heat weathering (insolation) and checks attack by frost since it 
protects from cald and possibly also produces physiological heat, On the 
whole, therefore, it reduces exposure to mechanical weathering. Its 
behaviour towards chemical weathering is different. Thus the earth's 
mantle of vegetation is in every case, as has been shown, a factor in in- 
creasing the exposure which it is impossible to overestimate. A forest 
cover is more favourable to chemical weathering and solution than is that 
of turf or steppe, whilst these again are more favourable than bare spots**. 
This is borne out by the way in which strips of vegetation sink down, 
sometimes on quite a large scale, into a calcareous subsoil, and the occur- 
rence of doline-like snow holes in the High Caleareous Alps; for this 
means that, favoured by these conditions, chemical and physico-chem-~ 
ical processes are more effective than, and outpace the physical forces to 
which the surrounding rock, just because of its bareness, is particularly 
favourably exposed, . 

The second factor in unequal exposure is the cover of rubble and sotl 
found at the surface of the earth's crust. [t is more difficult to estimate 
the importance of this since—as will be described in a later chapter—it 
is only under certain conditions that it is stationary, being usually on the 
downward move in areas of denudation. 

It can eaaily be seen that an increasing thickness of soil hinders mech- 
anical weathering and eventually stops it, insolation effects ceasing 
sooner than frost weathering. In this respect it diminishes exposure. But 
for chemical weathering it is not true to the same extent, Certainly the 
soil cover docs not, like the mantle of vegetation, produce substances 
which bring about decomposition; but as regards moisture, it behaves 
somewhat like a sponge. It becomes soaked through with water, taking 
up more the thicker it is; and it gives off its moisture slowly both up- 
wards and downwards. In times of drought this can be observed: whilst 
the upper parts of the accumulated soil are drying out, the lower still 
remain damp for a long time. These conditions affect the rocky sub- 
stratum, Where a thick cover of soil protects it, chemical weathering is 
favoured as compared with the bare or less well protected parts of its 
surface. Now it has been observed that chemical decomposition, ie. the 
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transformation of the rock-forming minerals into colloidal end-products, 
does not always stop at the lower limit of the rock loosening, but under 
especially favourable circumstances it strikes deeper towards the lower 
limit of weathering, to be discussed later. ‘Then the fragments in the 
rubbly zone, the loosened rock immediately below that, and the zone 
lying beneath—which ts physically intact and has preserved its original 
strictiure—are all transformed into a clayey mass. Occasionally seen-in 
the tropics, it also now and then occurs in our own part of the world, in 
places where there has locally been great chemical alteration such ag in 
the strata below the Lower Oligocene brown coals of Saxony and else- 
where, Under the influence of bog water, the quartz-porphyry lavas of 
the Rotliegende have here been kaolinised to far below the zone of 
loosening, This has happened particularly on the flat floors of those 
basin-like valleys, between inselberg-like elevations, im which brown coal 
and clastic Oligocene strata have been laid down, i.e. mn areas of deposi- 
tion. One cannot speak of a ‘zone of rubble’ here; it 1s rather a matter of 
white clays, rearranged derivatives of the kaolinised porphyry, which 
pass downwards into rock material, unchanged in structure, but com- 
pletely decomposed (the so-called ‘Kapselton’), As the elevations are 
approached, the lower layers of the Oligocene strata show a distinct, 

more or jess kaolinised horizon of rubble. Outside the Oligocene bog 
deposits, the soil profile is normal and covered only with thin sediments 
which transgress over the slopes of those half-buried hills of Lower 
Oligocene material, Here it can be seen distinctly that the kind of soil 
profile depends upon the thickness of the overlying material, 

There is another phenomenon of the same order. It is obvious that 
actually the loosened zone of the normal soil profile, once the higher 
horizons of the complete profile have farmed above it, does not penetrate 
into the interior of the rock at the same rate as it can develop at freely 
exposed surfaces, though one might have expected it to do so, The 
loosening does not forge ahead of those higher horizons with its charac- 
teristic speed of formation, but eata more and more slowly into the un- 
altered rock. It follows from what has already been mentioned that under 
favourable circumstances the transformation of siliceous rock into a col- 
loidal end-product is able to overtake the zone of loosening and may 
then reach far below it. But above all it shows that the lower limit of the 
rubbly zone—whatever the profile above may be—is at a slighter depth, 
which according to my observations does not greatly exceed two metres 
(apart from material piled up locally above the normal soil profile). 

The explanation of this behaviour may be found in the fact that, for a 
rubble horizon to be developed from the zone of loosening, there must 


be a rearrangement of the fragments loosened from the solid rock. 
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Amongst the forces of rearrangement, mention has been made of the 
pressure of roots, fluctuations in volume of the colloids, freezing and 
thawing. But as soon as the weight of the overlying mass exceeds a cer- 
tain value, owing to increasing depth of the soil profile or to aceumula- 
tion from outside, these forces are insufficient to do their work against 
the load. The consequence is that the pieces of rock bounded by, for 
example, joint planes, do indeed, under the influence of progressive 
veathering, cease to cohere to their surroundings. But they remain in 
their places, and are ultimately decomposed, unless a limit 1s put to the 
profile’s growth by ‘spontancous'* migration of the material, or unless 
heavy material moving downhill penetrates so successfully into the zone 
of loosening that it dislocates, by lifting or chiselling off, the merely 
loosened but not yet rearranged pieces of rock. 

Thus it follows that a soil cover favours chemical change, and with it 
the preparation of colloids. Its growth in thickness, however, increas- 
ingly hinders the downward extension of the lower limit of the rubble 
gone even in regions where the weathering is predominantly chemical. 
And that lower limit has its special importance for denudation, since 
only exceptionally does it fail to coincide with the lower limit of the 
profile of reduction™. Hence in this case also there results a lessening of 
the exposure, a deterioration of the conditions making ready for denu- 
dation. 

Summing up, it may be said that for any kind of mechanical reduction, a 
soil cower lessens the degree of expomure. 

Consequently a portion of the earth's surface with a soil cover of vary- 
ing thickness has different degrees of exposure so far as the upper surfac 
of the rock is concerned, even if all the other conditions—rock properties, 
climate, vegetation cover—are exactly the same. The upper surface of the 
soil cover, however, is subject to the same exposure. With an arrange- 
ment mm which the thickness of the soil cover decreases ateadily in one 
direction, so that finally the unaltered rock outcrops—the case most fre- 
quently found and the most important—it is on the bare rock that the 
exposure is greatest, the mechanical reduction and the increase in depth 
of soil profile moat rapid, If further, the inner arrangement is such that, 
with decreasing soil thickness, lower and lower horizons of the soil pro- 
file are displayed at the surface (till the bare unaltered rock is reached), 
these having experienced only their decreasing degrees of reduction— 
this again is the commonest and most important occurrence at the earth's 
surface—the various horizons lying next to one another and with similar 
exposures develop at their own special rates. On the bare rock, reduction 
acts most quickly; in the other direction, where a complete soil profile lies 

* [See p. 17 and p. 64, line z3.] 
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beneath the pure end-product of weathering, this process has already 
terminated at the surface, In other words: the rock surfaces which have 
hetter expoture try to catch up with those less well exposed, not only in the 
amount of reduced material, but also in its degree of reduction, assuming all 
other circumstances to be the same. This fact is of the greatest impor- 
tance when such unequally exposed surfaces are inclined, It concerns 
every part of the earth which is subject to denudation (see p. 37). 


h, MOBILITY OF REDUCED MATERIAL 

‘That quality of reduced material which is of fundamental importance 
for denudation is its mobility. It is a question of friction, dependent in 
the first instance upon cohesion, which is proportionally less, the greater 
the number of divisional planes which cut up the matertal into ind- 
vidual small pieces. Mobility, therefore, increases with the degree of 
reduction, and the superposed horizons of the complete soil profile are 
of increasing mobility. The concept developed on p, 51 can now be 
expressed in a form which has a morphological value: making crustal 
material mobile is, on the above supposition, a process which goer on tn a 
uniform manner. 

Wherever they may be on the earth's surface, the reduced materials 
come into contact with water, to a varying extent; and, since they differ 
in their properties, this has very great importance as regards their 
mobility, For the rule holds that moisture reduces mobility (increases 
cohesion) when the dry substance is less cohesive than water, and in- 
creases it for substances which in their dry state are more cohesive than 
water, Reduced material of the first group includes dry fragments, 
poor in colloids, such as are produced by insolation; the second group 
comprises all the weathered material of the moist temperate and moist 
tropical regiona with their wide marginal zones, since this is rich in 
colloids, In the dry state it binds, baked firm. Even small quantities of 
moisture, however, increase its mobility; and as the amount of water 
increases, this effect increases at an ever greater rate. ‘The more colloidal 
matter present—especially if it is clay—the more readily mobile is the 
material. ‘The fighly mobile end-products of reduction (pure clays or 
loams) form the last link in the chain, the mitial one being the rocky 
horizons. However—and this needs to be particularly stressed—asince 
some chemical weathering generally occurs, nowhere is there a complete 
absence of colloids between the fragments to promote their mobility 
and lessen friction, even if their amount 1s more or less insignificant so 
that any considerable mobility is lacking. 

It is otherwise with the products of predominantly mechanical 
weathering, caused by heat and cold. A small quantity of water increases 
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the cohesion (lessens the mobility); larger amounts of liquid, on the 
other hand, affect them in the same sense as if the material were rich in 
colloids, Each rock particle is surrounded by a film of water, the density 
of which—according to Ehrenberg—increases from the surrounding 
liquid towards the surface of the particle. ‘This swims as if on a cushion 
of water, so long as it does not excced the size of a grain of sand. In this 
way, fine-grained material when thoroughly soaked may actually be- 
come fluid, eg. quicksand. The mobility of the coarser rubble, when 
soaked through, is due to its loss of weight in water and to the effect of 
water in reducing friction. The magnitude of the friction depends upon 
the size and shape of the grains, which are of importance not for the 
fact of mobility, but only for its degree. Rubble of any kind and of any 
origin, whether wet or dry, whether mixed with colloids or not, 1s less 
mobile the more corners and edges it possesses, the less rounded the 
fragments. 

In the case of frost weathering, a point of special importance is that 
the products are formed in a region where the water, seasonally abun- 
dant, contains—in consequence of its low temperature—a far amaller 
amount of dissolved salts (electrolytes) than elsewhere. ‘Thus the 
ever-present colloids are not precipitated. For this reason the water 
maintains its fluidity undiminished even when only small amounts of it 
penetrate into the reduced material"’. It imparts extraordinary 
mobility to this, as is strikingly illustrated by polar solifluction and the 
rock-flows of the high-lying regions of Central Asia. 

In arid regions, on the other hand, chemical weathering plays a more 
important part. There is considerable formation of soil colloids. These 
remain precipitated during the periods when there is motstening, since 
the water, but rarely present, contains abundant salts in solution. As 3 
rule, however, the colloids are dry, and not colesive, as in moist 
climates, but crumbly because of adsorptive saturation with salts. Such 
soil crumbs augment the mass of fine to very fine particles with which 
the insolation rubble ts mixed from the very beginning, the amount 
increasing as it develops. ‘They help to reduce friction between the rock 
fragments, which indeed finally float, as it were, in the fine-grained 
groundmass, And since that fine material does not adhere to the other 
components of the rubble, or “morsten’ like water, small amounts of it 
are sufficient to render a mass of coarse fragments more readily mobile. 
As, in the course of reduction, the individual grains become smaller and 
the amount of the fine grains increases, the rubble becomes more mobile. 
Ar the end of the series is a highly mobile mixture of grit, sand and dust. 

The great inequality in size of the grains, which is characteristic of 


insolation rubble in all stages of its development, is of decisive impor- 
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tance for its mobility, For the coarser heavy components exert upon the 
underlying fine grains, by means of their weight, a non-uniform pressure 
which these endeavour to evade; they succeed in doing 30 because they 
lack cohesion, and on inclined surfaces they escape downwards. The 
increased mobility of the dry mixtures of rubble produced by mechanical 
‘heat weathering’, as contrasted with material in which the grains are more 
or less equal in size, depends upon these physical conditions: reduction of 
friction hetteeen the components of the rubble, and unequal pressure exerted 
by the larger fragments on the fine grains of readily mobile sizes. 


>. WORLD CLIMATIC AND SOIL ZONES 

The forces leading to rock reduction depend fundamentally upon 
conditions of temperature and moisture (precipitation). The arrange- 
ment of these at the earth's surface shows a definite pattern: in a general 
way, mean temperature decreases from the equator polewards, and with 
absolute height. Humidity does not change in the same direction, but 
depends upon the general circulation of the atmosphere, the distribution 
of land and water and, as regards detail, the altitudinal form. ‘Thus there 
are various parts of the world characterised by relationships of tem- 
perature and humidity, different for each part but uniform within rt, 
and these are differentiated as climatic regions. In them, physical and 
chemical processes take different shares in weathering; as a result there 
are differences in the reduced material, [? har already been pointed out 
that this does not involve any difference with regard to that effect of weather- 
ing which is the prerequisite for denudation—the mobility of the weathered 
substances. All over the earth, weathering of any kind acts in the direction 
of increased reduction of material, making it increasingly mobile; and 
the question is merely whether this takes place equally fast in the various 
climatic regions, or at different rates. 

In the demarcation of climatic regions, the decisive factor from the. 
morphological point of view is what happens to the precipitation that 
falle on the land surface. On these Imes, A. Penck distinguishes three 
major divisions **: 

(a) the humid climate in which precipitation is in excess of evapora- 

tion, so that a surplus flows off in permanent rivers; 

(6) the nival climate in which snowiall is in excess of melting, so that 

there is transport by glaciers; 

(ec) the arid climate in which evaporation is im excess of precipitation. 

There are no permanent streams here. 

To complete this, there must be added the transference of surtace 

water to the ground water, In a humid climate there is more rain than 
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evaporates or soaks into the ground, The water table lies near the surface 
and permanent water courses do not give water to it, but take from it. In 
an arid region there is, on the contrary, less precipitation than evapora- 
tion and infiltration. Where there is any ground water at all, its surface ia 
deep down, and water seeps into it from the intermittentiy flowing 

‘Humid conditions recur in three strips along the earth's surface: 
round the equator (humid tropical); and, with lower mean temperatures, 
in the temperate latitudes of both hemispheres (humid temperate). They 
are interrupted by the arid continental interior regions, and are separated 
from one another by the two arid belis into which they grade by climatic 
transitions, Mheoretically on either side of the arid belta there are sharp 
boundaries, the limits of aridity, where evaporation and infiltration just 
counterbalance precipitation. But they cannot be drawn on the earth's 
surface any more sharply than can the snow line separating the humid 
from the nival regions, beyond which more snow is precipitated during 
the year than is melted. For such boundaries undergo seasonal fluctua- 
tions. In the course of a year they advance towards the equator (and 
descend where the climatic zones are developed as altitudinal belts), and 
they retreat again polewards (or rise, as the case may be), ‘The regions 
through which they pass are characterised by seasonally different climates 
and they belong in part to the intermediate transitional sones between 
the completely humid and the completely arid regions, 

Neglecting details in the distribution of precipitation—which result 
from the arrangement of land and water, of highland and lowland—the 
following is roughly the arrangement found on the earth's surface, start- 
ing from the nival regions and going equatorwards: Just outside the ice 
cover, the day temperature for a large part of the year fluctuates round 
about o? C. The lower waterlogged layers of the soil remain frozen— 
according to an old note of Wild's, at a mean annual temperature of 

—2° C."*—only the upper horizons thawing. ‘That ts the polar zone, the 
realm of predominantly mechanical frost weathering. When the snow 
melts, the reduced material becomes highly mobile, since itis then soaked 
through with water poor in electrolytes (polar solifluction). On freezing, 
the mobility is entirely lost. 

In the direction of increasing mean annual temperature, frost pheno- 
mena became Jess and less noticeable, chemical and humic weathering 
more protninent. Reduced material develops, rich in colloids, the end- 
product being black or brown", It is thoroughly moist at all seasons and 
so almost always in a state of increased mobility (the rubble as well, See 
p. 55). This is the completely Anemid temperate region, with precipitation 
fairly uniformly distributed throughout the year. 


WORLD CLIMATIC AND SOIL ZONES 59 


This uniformity is lost as the arid belts are approached. In the semi- 
humid region there is an alternation of wet and dry seasons. In the wet 
season, chemic; weathering is active; but there are spots where, im the 
dry season, only physical disintegration by heat (insolation) occurs. 
Reduced substances, rich in colloids, are to be found here too; but they 
are mobile only in the wet season; when dry, they bake into.a coherent 
mass, and hold fast the other components of the weathered material, 
rendering them immobile. The end-products are coloured red by iron 
oxide (‘red earth’)?". 

Semi-humid regions occur on either side of the arid belts. On the 
poleward side are the subtropies—with rain in winter, when the sun is at 
its lowest: on the equatorial side the rainy season is in summer when the 
sun stands hich, This is usually considered as part of the tropics: and 
the monsoon regions belong to it. 

Flere, too, red soils, rich in colloids, are typical. They often—but by 
no means always—consist of hydrated aluminium oxide; this makes its 
appearance as the end-product of the most far-reaching decomposition 
leading, under the influence of tropical temperatures and water of high 
chemical activity, to the loss of the last remnants of the alkalis and 
silicic acid. ‘The term laterite is now restricted to these soile*?. 

Equatorwards of the tropics, the rainy seasons, associated with the 
highest altitude of the sun, occur twice a year, and merge more or less 
definitely so as to give very abundant rainfall spread over the year, With 
this the completely humid tropical province is entered. Here conditions. 
for the existence of humus recur, and weathering takes the same course 
as in the temperate zones, The end-product is yellow earth which ts 
coloured black or brown by humus (black and brown earths)’. On 
account of the perpetual heavy soaking, this colloidal material is con- 
etantly in a state of high mobility. 

Climatic transitions lead to the arid belts (and arid continental in- 
teriors) which separate the humid zones. Water and so chemical weather- 
ing are by no means entirely absent. In the transitional regions of the 
semi-arid province, they reach considerable importance; yet there is not 
here, cither, sufficient precipitation to feed permanent or periodic 
streams. Water seeping down to the deep-seated water table is partly— 
not entirely—drawn back to the surface by capillary processes; and there, 
on evaporation, deposits the substances which it has dissolved on its 
way, Efflorescences of readily soluble salts and crusts of the less soluble 
calcium carbonate, locally also of ‘silica, cement the peripheral soil 
horizons. In the completely arid region, with its scarcity of soil moisture, 
these desert crusta become less frequent, In both types of region the 
ground water is confined to favoured spots, as a rule to the alluvium- 
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filled basins, and it ties very deep down, It is salty, often a concentrated 
brine from which salts are precipitated locally where the water table 
comes to the surigce (salt lakes), Soil colloids are by no means absent; 
however, they are mobile net only when they are thoroughly wet but 
also (as already pointed out) when in the dry state since, because of their 
adsorptive saturation with salts, they form fine loose crumbs". In the 
arid belts, it is insolation which determines the prevailing form of rock 
reduction. Especially in the completely arid region, the rubble formed 
i333 a rule dry and therefore practically always highly mobile. In the 
semi-arid region this is the condition only during the dry period. In the 
runy season there is often considerable soaking of the material and it 
then becomes still more mobile for that reason, the colloids playing no 
smal] part in this effect. On the other hand, at the times of transition 
from iiry to moist, and vice versa, the mobility of the material reduced 
under arid conditions is lessened, for the reasons stated above (p, 56). 

Thus the general position is as follows: from the equator to the edge of 
the ice caps, reduced substances develop which, on account of their own 
nature and of the climatic conditions under which they were formed, 
possess the highest possible degree of mobility. Jn every climatic region, 
there are oplima for mobility of the matertal derived from the rocks. Pro- 
ducts of chemical weathering, highly mobile when moist, and becoming 
bound and immobile when dry, are developed just at those places where 
moisture is abundant during the course of the year; and it is in exactly 
such spots, possessing these very favourable conditions, that the 
material of mechanical weathering which is most mobile when com- 
pletely dry or thoroughly soaked, is developed. 

In addition to this invariable and characteristic feature, which is a 
fact of the greatest importance from a morphological point of view, there 
are the various types of soil products which are peculiar to the individual 
climatic regions. These are termed climatic soil belts™*, Taking into 
account only the end-products of reduction, such as appear in a climatic 
region under the most favourable circumstances—and the distribution 
of these can then, according to R. Lang, be recognised by a definite 
numerical value of the rain factor—the following soil belts succeed each 
other in this order from pole to equator: 

Frost soils of mechanical disintegration,| nival zone 

having the colour of the ree rock a polar zone 

Black raw hums - - sub-polar transition zone 
a at (super-humid region) 

Black earth (dark-coloured yellow carth) - temperate humid region 

Brown earth (dark-coloured yellow earth) - transitional 

Redearth - - - = = = semi-humid region 
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Yellow-grey steppe soils (insolation rubble) semi-arid region 
Insolation rubble the colour of the parent 

tock = = = + = = = aridregion 
Steppesoils = = - = = = semi-arid region 


ein | - = = = = = semi-humid tropical 

Red earth region 

Brown earth (dark-coloured yellow earth) - transitional 

Blackearth - - - - - humid tropical province 

Rawhumus - = - - = = super-humid tropical 
region 


The colour of the soil proves to be a characteristic feature™. And tf, 
during the course of the year, different climatic conditions obtain, 
seasonal variations in colour can be observed in the transitional 
regions™!, In the same way the superposition of soil types of different 
colours can be taken as an indication of climatic changes, and a very 
sensitive one, for these actual transitional regions*?. 


8. LIMITS OF WEATHERING 
If the weathered substances remained where they were formed, the 
land would be covered with an increasingly thick layer of soil, its upper 
horizons consisting of the unalterable end-product characteristic of cach 
climatic type. The question is to what depth the rock decay could then 


It has been shown (p. 53) that the lower limit of mechanical reduc- 
tion, by mechanical and chemical weathering, is to be found at a depth 
of a few metres. Chemical changes, however, take place below that. They 
continue down to the level of the ground water. ‘The properties of this 
are quite different from those of the seepage water reaching it; it is espe- 
cially poor in oxygen—oxidation processes, therefore, come to an end at 
this level—and éo it is richer in carbon dioxide. In particular, the aera- 
tion of the rocks, which is essential for their decomposition, ends at the 
level of the ground water. And finally, chemical products of whatever 
kind, precipitated near and below the water table, show that the ground 
water is saturated with mineral matter. ‘Thus the water table separates 
two zones in which chemical processes take place in the reverse direc- 
tion. Below it, is the zone of cementation, the reaim of diagenesis; above 
it is the area in which chemical weathering and solution are at work 
(zone of oxidation). 

If the products of chemical weathering which remain at their place of 
origin are in the form of stable end-products nght down to the water 
table, then any further transformation, any further reduction, ceases, 
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The level of the water table is their absolute lower limit. The thickness 
of such a soil cover, forming undisturbed, would depend solely upon the 
position of the water table. That is determined first by the climate—in 
humid regions it 1s nearer the exposed surface than in arid ones; then by 
the kind of rock—it is lower down in permeable than in impermeable 
areas; and finally by the surface relief which is approximately followed 
hy the water table. It lies farther from the surface beneath elevations 
than beneath depressions, From this it is easy to decide between what 
limits the thickness varies for an ideal sail cover, developing undis- 
turbed, and also its world distribution. Comparing this with what is 

ally found to be the case, we gain a most impressive picture of the 
continuous and far-reaching effect of the denudational processes which 
everywhere hinder the formation of an ideal soil zone. 





9. RELATIONSHIP OF WEATHERING 'TO 
DENUDATION 

Nowhere in the world docs the water table lic immovably fixed, even 
if the climate and the character of the rock remain unaltered, any more 
than reduced material anywhere remains at the place where it was 
formed. For as this moves away—as happens on every inclined land sur- 
face, 30 long as it is not an area of deposition—the exposed surface is 
continuously lowered, and the level of the water table sinks with it. 
Wherever denudation is taking place on the earth, the lower limit of 
weathering is in consequence gradually moving down deeper, i.e. zones 
of rock, which till then were subject to diagenesis, are now subject to 
weathering, What is true for the lower limit of weathering naturally 
applies also to any horizon of the profile above it: the border zone, espe- 
cially important for denudation, between the honzon of rock loosening 
and that of the rubble, is under such circumstances also in a position to 
move downwards and is compelled to do so. We shall call this process the 
renewal of exposure. 


RENEWAL OF EXPOSURE 

It takes place more rapidly, the greater the quantity of rock material 
removed from any point in unit time; in other words, the more intense 
the denudation. Thus renewal of exporure ts a function of the intensity of 
denudation. As only loose particles of rock can be carried away, it has 
also a definite relation to rock reduction, atid to the amount of rock 
reduced in unit time as well as to the degree of reduction. In the one 
limiting case, the tiny pieces leave the place where they were formed im- 
mediately after having been loosened from the body of the rock, This 
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means a tapid renewal of exposure; since each time pieces are removed, 
only those relatively short intervals of time have been needed which, at 
a given place, are required for the loosening and detachment of frag- 
ments from the parent rock, It is merely the horizon of rock loosening 
which can be produced, and not any soil horizons of a farther advanced 
degree of reduction. Bare rock crops out (p. 65), It is the sign of very 
rapid, very intense denudation, And this means that (a) the rock frag- 
ments are removed immediately they have been detached trom their 
connection, and (6) that the horizon of loosening develops at the surface, 
i.e, with unimpeded exposure, and under such conditions works down- 
wards more actively than any of the other zones in the profile of reduc- 
tion. Here, therefore, within a definite length of time, a layer of rock of 
the greatest possible thickness, with the maximum amount of rock 
material, is reduced and changed into 2 form just sufficiently mobile for 
the denudation which follows immediately. Denudation here 1s intense 
because great quantities of rock are removed in unit time from their 
place of origin, not because the material is then rapidly moved on, 

In the other limiting case, reduced substances leave their place of 
origin only after such Jong intervals of ime that, during them, chemically 
stable end-products have formed as far down as the water table. This is 
the limiting case for cumulative weathering also, Hetween these Itmits, 
the relation between renewal of exposure and rock reduction gives rise to 
a continuous series of an infinite number of links from which only one 
will be taken to illustrate the general conditions. Suppose that, at a cer- 
tain place, a complete soil profile comes into being, with unaltered rock 
at the base, the zones of loosening and of rubble above that and the 
horizon of the pure, very highly mobile end-product at the top, and that 
this profile just maintains itself. ‘Then the removal of the reduced sub- 
stances from their place of origin (the renewal of exposure) requires just 
as much time as weathering needs for the production of the highly mobile 
end-product. Only this moves away: it is prepared afresh to the same 
amount, and rock destruction reaches down into the rock that was in- 
tact. A stationary condition 15 act up. 

The same of course applies to any link whatever in the series, when 1t 
is no longer the pure end-product that is formed and maintained at the 
top of the soil profile, but any horizon of a lesser degree of reduction, 
However, these are cuses of quicker, more intense denudation; for the 
less the degree of reduction in the zone of sail which is uppermost and 
therefore exposed to the full, the more rapid is the rate of formation, and 
the greater the quantity of rock which in a given length of time attains 
the mobility needed for migration, and consequently leaves the place 
where it originated, Zn any case, mince on a given gradient a particular 
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degree of mobility is required to make the material unstable and so necessitate 
its migration, removal of material on that gradient must be related to the 
length of time needed for the process of reduction to produce the required 


nility. 

‘Two essentially different processes are at work, and they must be 
sharply distinguished since they have an entirely different significance 
and their varying mutual relationship leads to entirely different effects: 
(a) the intensity of the denudation, which is expressed by the quantity of 
reduced material leaving its place of origin in wnit time, and (6) the rate at 
which the reduced material then moves on, which is expressed as the 
distance it travels in unit time. It depends upon the kind of denuda- 
tional conditions and upon the type of material moved, and it will be 
discussed later. 

However, the quantity of rock made available in unit time for removal 
by denudation, te. which has acquired the mobility that, at a given 
place, renders it unstable and thus necessitates spontaneous movement, 
is always the result of an equivalent period of reduction (p. 51). This 
uniformity in the time af preparation needed to bring reduced material to a 
definite degree of reduction (mobility) provides a measure for intensity of 
demidation."The spontaneous removal of the reduced rock material can, 
for its maximum rate, take place as fast as its preparation, Only what is 
available for removal by denudation, what is loose, can be removed, and 
spontaneously, by which is meant the movement of the small pieces from 
their place of origin of their own accord under the influence of gravity, 
as contrasted with their forcible detachment from their more or Jess 
loosened connections, and their premature’ removal from their position, 
e.g, by heavy material moving from above. 

If we consider conditions of denudation where there exists, in adjoin- 
ing afeas, a scrics ranging from pieces of rock only just loosened, through 
material corresponding to the re-arrunged rubble horizon to, finally, 
highly mobile end-products which are only just being removed from 
their place of origin, then it ts seen that this series corresponds to one of 
4 decreasing rate of denudation. In each case it equals the rate of forma- 
tion of the respective soil horizons; and—as we have shown—this takes 
place more slowly the more highly mobile, ic. the farther reduced, are 
the products to be formed (p. 51). Consequently, spontancous demuda- 
tion can attain the greatest possible intensity where the rock reduction 
goes on in the most vigorous, most rapid fashion. Other things being 
equal, this is the case on a freely exposed rock surface, It occurs in the 
horizon of rock loosening, the deepest zone of the profile of reduction, 
and the one which—with unreduced exposure—ilevelops most rapidly 
and advances most quickly towards the interior of the rock (pp. 50-51). 
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Asa rule, bare rock Is associated with steep slopes, since it cannot appear 
without a definite relationship between the two processes (a) and (6) 
mentioned on p. 64. If in unit time great quantities of reduced rock 
material leave their place of origin, implying great intensity of denuda- 
tion, and if, for some reason or other, they also move away comparatively 
slowly, then there appears an accumulation, a damming up of the 
material, and the denudatianal surface becomes covered with it. [m this 
tay tts exposure is decreased, and so the rock reduction at tis surface t re- 
tarded (pp. 54-55), and there necessarily follows a diminution in the inten- 
ty of denudation wntil there is equilibrium between the preparation of 
material for carrying atcay and its actual transport. Dare rock can outcrop 
only when further rapid removal of the detached rock fragments from 
their place of origin is followed by rapid further transport. 

The immediate consequence of these relations, the proof, as it were, 
that they are as stated, is a phenomenon governed by law and easily veri- 
fied in every one of the denudation areas of the world. But so far it has 
been, in most cases, overlooked: The distribution of weathered material, 
and its type, depend upon the inclination of the slopes™. In general, the 
thickness of the soil cover increases as the stecpness of the substratum 
diminishes. This is to be seen not only where transported material is 
held up, as at the gentler foot of a slope where increase in thickness is 
the result of accumulation. It is also true where the sedentary soil profile 
does not, either in. type or mode of formation, appear to be noticeably 
influenced or altered by material transported from higher up, Not only, 
showever, does the thickness of the layer of soil decrease up the slope, 
but the further rule applies that, as slopes become steeper, only the lower 
horizons of the normal soil profile are developed at the surface. On the 
gentler slopes we find, at the top of a thicker sail profile, an horizon 
which has undergone more thorough reduction, or even one showing the 
pure end-product; on steeper slopes there is only the rubbly honzon as 
the uppermost formation of a less developed profile. With further steep- 
ening, there appears the scarcely-covered zone of loosening, and finally 
the bare rock, Where rising slopes are concave, 3s for instance on the 
uppermost parts of the German Highlunds, almost the whole soil profile 
may occasionally be crossed as one moves from below upwards", the 
horizon being lower the higher up it outcrops and the steeper the slope. 
Just-as in a soil profile, the horizons are not sharply divided from each 
other, neither are they in this arrangement where they are next one 
another at the surface. As slopes become steeper, the soil cover becomes 
thinsier and also poorer in end-products, and its composition shows an 
increasing proportion of angular pieces of rock. This is true for humid 
aa well as for arid regions. 

E WOM.A. 
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Biock Seas 
[Snas or BroKEN Rock] 

These are a conspicuous and widespread feature of the German High- 
lands. ‘he rules just considered apply to most block seas, which exhibit 
very clearly the relationships mentioned above, They are accumulations 
of blocks of stone, frequently of a considerable size; and fine-grained 
packing material, especially the end-products of weathering, is absent 
from between their surfaces. Von Lozinski, apparently for that reason, 
took them to be the result of mechanical weathering, more particularly 
of the frost weathering which was thought to have prevailed in the extra- 
glacial regions of Central Europe during the Pleistocene glaciation™. B. 
Hoégbom, followed by W. Salomon, went a step further, taking the 
blocks to be Pleistocene rock streams on account of their occasional— 
not very great—resemblancea to the present day block streams found in 
polar regions. He considered them to have originated, and to have 
moved, in an analogous manner, but not to be developing any further 
nowadays", "I'he feature is thus considered as fossil, and as having been 
conditioned by climate; and Meyer-Harrassowitz drew from: it far- 
reaching conclusions as to the nature of the Pleistocene climate in the 
extra-glacial region of Central Europe™. 

Obviously, theory and hypothesis have here far outrun observation, 
In individual cases, there are some features which indicate that the ac- 
cumulations of blocks have in the main had their origin in the geological 
past—to place them in the Ice Age or in one of the ice ages is a mere 
assumption not proved by any observations—but in most cases they can 
be shown to be developing further and to be moving as much as ever at 
the present day. It is not possible to generalise from either the one or the 
other of the two sets of observations. It can only be stated in general 
terms that the slowly-acting processes of rock reduction, like all the pro- 
cesses taking part in modelling the present land forms, reach far back— 
often considerably farther than into Pleistocene times; at some places 
they Came to an end at a certain time, having produced this same form: 
at others, however, they are today still working in the same direction, 

A whole series of facts makes it evident that block seas are not a 
phenomenon due to climatic conditions; and, more especially, that they 
are not connected with the sphere of mechanical frost weathering, First 
of all: they occur in regions which were out of the way of any frost action 
even during the Pleistocene period. For instance, I found them in 
Unuguay on the steeper slopes of inselbergs of granite, syenite or quartz- 
ite which rise above the surrounding country in the southern part of the 
Brazilian shield. They were again observed at every altitude on serpen- 
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tine and andesite elevations in north-west and central Asia Minor, here, 
too, connected with slopes of a definite gradient. Jn exactly the same way 
the block seas of the German Hivhlands are associated with certain types of 
rock which show a tendency to break down into more or less coarse blocks, 
and they occur on slopes of a definite gradient, 1f here they were the pro- 
ducts of Pleistocene frost weathering, it would be not only a few definite 
rock types that would have a share in their composition, but.all kinds 
which had the same exposure, since chemical weathering is for the most 
part excluded from the region of frost weathering. Rut upon investiga- 
ting the scree, which is equivalent to the block seas and which has 
formed near them in districts where the rocks have differing properties, 
one finds that it shows unmistakable traces of chemical weathering, in 
every profile and at every horizon. This is more marked in the deriva- 
tives of chemically unstable silicate rocks than in the more stable sedi- 
mentary ones such as limestone, marl, clay, quartzite, ete., and less 
marked in the rubble horizon than m the higher horizons of more ad- 
vanced reduction. Here, even a gealogist’s experienced eye cannot gener- 
ally recognise from the formation alone what part chemical weathering 
has had in the mechanical reduction of the rocks, and what part the frost 
shattering now attacking them, not to mention a possible part taken by 
weathering under conditions of Pleistocene cold. Would it be likely that 
in the German Highlands only granite, basalt here and there, massive 
basic rocks, Devonian quartzite, certain horizons of the Bunter sand- 
stone, and in some places schists formed by contact metamorphism, 
should be reduced by frost weathering, while the long series of other 
types of rock remained unaffected? Or would the derivatives of only the 
latter have since been further attacked chemically and altered, whilst the 
above listed rocks of the block seas were preserved unchanged? 

We can come to grips with the question only if we replace the inter- 
pretation and explanation of what is on the whole a rather small number 
of observed facts by new and more thorough research. Such was made 
by ©, H. Erdmannsdérfer in the Harz, and finally by me in the Harz, 
Fichtelgebirge, and Black Forest. Two sets of accumulations of blocks 
can be distinguished. ‘The one consists of screer, accumulations of 
broken-down fragments which pile up on steep slopes and because of 
their own movement occasionally spread out and flatten as they extend 
downwards. Often, but not always, they adjoin a rocky source of supply 
and they consist of angular fragments, bounded by joints and fracture 
planes. Examples may be found in the block fields of schist in the Oder 
valley, of granite in the Bode valley (Harz) as well as the rock seas of 
Bunter sandstone in the Odenwald and Black Forest. It has been shown 
that the last named are accumulations of pieces from the resistant upper 
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layers—which only rarely stand out as rocky crags; below these, the 
more crumbly lower bed is weathered out and gradually washed away, 
especially where springs emerge, so that the overlying rock masses break 
off. 

The second type of block sea is only exceptionally connected with a 
rocky source of supply. Much more often the source is in the substratum 
-of the actual accumulations of blocks. Moreover, it does not extend over 
their whole area, but is associated with those parts of the slopes which 
have a quite definite inclination; whilst the blocks, on account of ther 
downward movement, have often come to rest upon the slopes below, 
which are considerably less steep. 

On the Fichtelgebirge (e.g. at the Késseme near Waldstein, Fichtel- 
berg, ete.) and in the neighbourhood of the Brocken in the Harz, numer- 
ous exposures lay bare the substratum of the block fields of granitic and 
—in the Fichtelgebiree—diorite blocks, Above coherent fissured rock 
there can always be found a zone measuring several metres (on the 
Luisenburp, Fichtelgebirge, 10 metres thick!) in which roundish blocks 
of solid rock are embedded in a weathered product of far advanced 
chemical decomposition. The structure is here everywhere preserved 
intact, the blocks as well as the decomposed material between them still 
remaining associated with one another in their original positions, (In the 
case of the Proterobase* of Fichtelberg, the detritus is a loamy end-pro- 
duct; in the cause of the granite, it is a fine crumb-like and more or less 
loamy grit). This structural cohesion is no longer present in the case of 
the next higher hormon (3-5 metres thick at the Luusenburg). From 
the loss of structure, from the pulvertsation of the more loamy granitic 
grit and the packing together of the blocks pushed one above the other, 
it may be recognised that this zone is one of complete rearrangement 
and of movement. Locally, blocks still in place reach from below into 
the zone of movement, but otherwise its lower limit is sharp though with 
irregular pockets, like the bed of a river. 

G. Klemm (for. cit.!!) has reported such profiles from the Odenwald 
also, hey are the rile and recur with every kind of vanation. It follows 
from them: 

:. that the fragments—particularly those of the typical block seas of 
granite and of analogous, c.g. basic, igneous masses—have been 
loosened from the rock fabric not by mechanical but by chemical 
weathering; 

2. that the tendency to form blocks is a specific quality of the rocks 
concerned; and 


ne special typo of diabase found in the Fichteleebi F curli 
the a pte c eebirge, 2 ter age than 
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3. that the source of sapply of these blocks lies in their own sub- 

Thus they correspond in every respect to an horizon of a normal sail 
profile of chemical weathering, and have absolurely nothing to do with 
the effects of ‘periglacial’ or polar frost**. "The problem now arises 28 to 
what conditions can make acute this tendency to form blocks, so leading 
to the development of a block field. 

Where sufficiently deep exposures prove that the orgin of a block field 
is of this above-mentioned kind, there is nothing to be seen at its surface 
of the decomposed sandy detritus, rich in colloidal end-products, which 
at lower horizons forms a very well developed matrix. Rather, block 
rests upon block, the material between having been removed, washed 
away, In pulleys and valley tracks, where running water collects, the 
rainwash is more thorough and so there is a better development of 
accumulated blocks that are impoverished in respect of materml be- 
tween them. This is also the case where there are no block seas on the 
adjoining slopes, so that there can be no accession of fragments otca- 
sionally sliding down, or rolling, from them. 

Yet even in such valley furrows, the blocks cease to be dominant when 
gradients become less, Exactly the same thing may be noticed in the far 
more numerous block fields which develop on slopes away from valley 
courses: If these pass either upwards or downwards into slopes with a 
smaller gradient, the blocks are seen to sink more and more into the 
ground—whether it is wooded or not takes no difference; only their 
tops poke up here and there, and finally even these disappear, On 
ination, the soil is found to consist of coarse gritty products of de- 
composition, mixed with rather small lumps, or of gritty loam in which 
float larger isolated fragments that disappear when the inclination of the 
ground is less than 10°. The phenomenon follows this law: with de- 
reusing gradient the block seas disappear, they are replaced at the sur- 
face by material in which reduction has gone further, a fine grit more 
like the end-product of chemical weathering. It is only such material 
that is, under the given conditions, sufficiently mobile to move away. 
And even if, here, the granite amongst it disintegrates into blocks (c.g. 
in the quarries at Plattenstein, Fichtelgebirge), the blocks still have to 
remain where they were formed, and under such conditions their material 
becomes transportable only when it has been changed into a mixture of 
loam, grit, and coarse fragments, or—if the slope of the ground its 
less, into a mixture of loam and gnit, or—finally—into highly mobile 
loam. 

Conversely, block seas are typically displayed where the slope inl- 
creases (at gradients averaging 15 °-3° }- The exposed profiles prove 
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that the material is moving: what carries out the movement is the lower 
layer, a mixture of blocks, grit and loam; the upper layer of accumulated 
blocks is on the whole passively borne along. The movement of the 
boulders is indicated here by the trees, at every stage of growth, which 
have their roots in between them, and are frequently found to be bent 
and pushed out of position®*. Increasing steepness of the substratum 
leads to the transition from block seas to blocky scree, e.g. at the Stein- 
erne Renne in the Harz. The blocks are less and Jess rounded, turning 
into broken angular fragments below which is visible the bare rock; no 
longer is there any higher horizon of the soil profile, no thick zone of 
chemical weathering. 

Thus, in just the same way, typical rock seas of granite are not related 
to rocky cliffs-as acrees are to their rock source. This is perfectly clear 
from an examination of the cliffs which jut out from gentle slopes. 
Occasionally they are surrounded by a festoon of fragments, correspond- 
ing to the normal screes found at the base of precipices; they gradually 
disintegrate into a heap of rounded blocks, but no block fields or stone 
rivers adjoin them. Rather do they form islands of blocks in the midst 
of a countryside where the rock is more highly reduced; and the material 
from them is incapable of being transported till, like the surrounding 
granite, it has disintegrated into loamy grit and rubble. Thus on the so- 
called second terrace of the Bithynian Olympus, all transitions can be 
found from high projecting cliffs through towerlike piles of rounded 
blocks and groups of single blocks to rubble heaps, all that remains 
of former rocky cliffs*?. Such examples are also widely distributed 
in the Harz and Fichtelgebirge. 

However, a different picture is presented by the cliffs which rise up 
from the steeper slopes or are superimposed upon their upper margins. 
They then often appear as a source of supply for block fields, without 
contributing the main part. When their surroundings consist of the same 
rock materials disintegrating into blocks, a rather steep slope, even if 
there are not actual cliffs, will feed a rock sea. If, on the contrary, other 
kinds of rock are exposed on the hillside, rocks which have no tendency 
to disintegrate into coarse blocks, then narrow strips made up of blocks 
lead down from the clifis—screes drawn out as it were into tails—and 
make clear what a small contribution is brought by decaying cliffs to a 
rock sea surrounding them. 





SUMMARY 
The block. seas of pranite and kindred formations have here been 
treated in somewhat greater detail since they bring out clearly the con- 
nection, conforming to definite laws, between rock reduction and denu- 
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dation, Apart from those portions of the transported mass of blocks 
which have migrated as stone rivers and so have reached the gentler 
parts of slopes, a process which finds its equivalent in the displacement 
of scree material, to be discussed later, we find that the block fields cor- 
respond to definite horizons in the profiles of reduction, these reaching 
the surface on certain gradients. On steeper slopes they are replaced by 
deeper horizons, less reduced; on gentler ones by higher horizons at a 
more advanced degree of reduction. This arrangement is no longer a 
simple effect of weathcring, but it already shows the infiuence of denuda- 
tion. It proves that at the present day there 1s spontaneous migration of 
reduced material: it further shows that spontaneous denudation ts more 
rapid and more intense on steeper slopes than on gentler ones (p. 64). 
‘The preparation of mobile material that can be removed by denudation, 
as contrasted with denudation itself, seems to be delayed more where 
the slopes are slight. On steep anes the soil cover is thin and the pieces of 
rock are removed soon after they have been loosened from the rock 
fabric: on gentler ones the soil cover is thick, since far-reaching com- 
minution and the making mobile of the material must occur before it is 
possible for pieces of rock to move away. From this we can deduce the two 
fundamental prerequisites for removal by denudation: inckination of the 
ground and mobility of the material. ‘The arrangement of the reduced 
material on the land surface, as illustrated by the seas.of granite blocks, 
shows that, to be able to move away, greater mobility is needed the less 
the inclination of the substratum; or conversely, the steeper the slopes, the 
less the mobility needed for the removal of the material by denudation. For 
denudation, which acts over the whole surface, the ratio of the mclination of 
the ground to the mobility of the rock derivatives is the determining factor. 
Other things being equal, the intensity of denudation increases with the 
steepness of the slopes (see p. 05). 

Only one link in this relationship can be referred to weathering: rock 
reduction, i.e. rendering the material mobile. This depends upon the 
properties of the rock and upon the climate. For a given place, the rack 
properties determine the amount of rock which can in unit time be 
brought into a sufficiently mobile form by the reducing processes at 
work there, Climate determines the kind of reducing processes, and so 
the type of reduction products and their composition. But it by no means 
decides the characteristic feature of rock reduction itself, which goes on 
uniformly over the whole earth, and in all climates, and which is alone 
relevant for denudation. Everywhere, in all climates, those relationships 
which give it the greatest possible mobility are found in the conditions 
under which it is forming. Thus no climatic region provides especially 
favourable conditions for the production of the mass movement which 
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brings about denudation over the whole surface; and so there ts no possi- 
bility of different denudational forms, which had a different course of 
development, arising in different climates, provided the endogenetic 
premusses are the came. 


CHAPTER IV 
MASS-MOVEMENT 


W aattering by itself does not produce any land-forms. It must be 
! Y emphatically stressed that these arise only when the weathered 
material leaves the place where it was formed, ie. by denudation.* The 
driving force for this is always the force of gravity™*, whether the displace- 
ment of material along the earth's surface occurs spontaneously or is 
helped by a moving medium. Of such media, those acting on the earth 
are air, water and ice. It is only if there is a gradient that they begin to 
move. Hence their motive power also is the force of gravity, whether the 
gradient is caused by the inclination of the substratum beneath the 
medium, or by differences of density within it, The particles make for 
their goal by the shortest possible path in the direction of the gradient. 
For that reason, and because of its vastly different but also relatively high 
mobility (even in the case of ice), the motion of the medium ts a con- 
tinuous flow along definite paths of movement which are demarcated 
from their surroundings. The morphological efficiency of the moving 
medium is naturally confined to those paths, and it therefore has a 
tendency to be finear. On land, these dense media, water and ice, show 
this characteristic most clearly: here their weight forces them against the 
surface of the solid ground, their movement follows the slope, their path 
of movement becomes bordered by firm banks, if such were not already 
present. In these respects, the much lighter and more mobile air behaves 
differently. The paths of its movement are not bordered by firm banks, 
they vary in position, and the movement at its base appears not to obey 
the force of gravity, since wind blows over mountain and valley, rises and 
falls. Water, however, does the same thing along the irregular floor of a 
river, and the phenomenon recurs in other gravitational streams. From 
a physical standpoint we must put currents of ar with currents of water, 
for then the movement and morphological effect at the bottom of the 
paths of movement within the two media become comparable. In the one 
case, the river beds form the base; in the other, whole stretches of land. 
Thus, in respect of the individual slopes composing a landscape, move- 
ment of the air is indeed independent of the gradient; and it attacks over 
(* The German word Abtrayung really means ‘carrying away '.] 
73 
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the whole area, just as water attacks the river bed, or ice the bed of the 
glacier, over its whole area. 

The immediate effect which moving media have on the solid surface 
of the earth is the removal of solid material loosened from the rock tex- 
ture, a3 soon as this comes within the sphere of the paths of movement. 
Caught in the stream, the rock derivatives appear to be passively carried 
along by some means of transport, irrespective of possible movements of 
their own. With A. Penck, then, we speak of mass-transport®*. This is 
restricted to the paths of moving media, Outside these, there is the spon- 
taneous independent migration of the reduced substances; and indeed 
this eccurs on all slopes where rocks are being reduced, and where the 
inclination exceeds a minimum amount which observation shows to be 
removed by only a few degrees from the horizontal. All such movements 
are here grouped as mass-movement”, ‘Their combined action produces 
denudation of the surface of the land in the truest sense of the word. The 
direction of the movement—as contrasted with surface transport by 
wind—is determined by the gradient of each individual declivity of the 

Only in the case of a vertical rock face could the full force of gravity 
be put to use in effecting the transport of reduced substances (free fall), 
Where surfaces are leas steeply inclined, the driving force that comes 
into play is only that component of the acceleration due to gravity which 
is parallel to the surface of the ground in the direction of the gradient; 
and it is proportional to the sine of the angle of inclination, It can release 
a mass-movement and keep it going only when it is able to overcome the 
resistance opposing it. 


, RESISTANCE TO DENUDATION 

This must therefore be taken into account as a very important factor. 
It is to be understood as the sum of the resistances opposing movement 
towards grade, For all the processes of denudation are displacements of 
matter directed towards bringing the material into a position of stable 
equilibrium. Disturbance of equilibrium is caused by crustal movements 
which put the rocks into such 2 position (as regards bedding and altitude) 
that they cannot permanently maintain themselves there. Herein lies the 
relationship between crustal movement and denudation. 

There is no difficulty about setting in motion the disturbed rocks if 
they possess but slight cohesion and so have mobility, like unconsoli- 
dated deposits or wet clay. But most rocks possess greater cohesion, and 
obtain the requisite mobility only through the process of weathering. 
Resistance to denudation accordingly depends in the first place upon the 
cohestan of the rock. 
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COHESION OF ROCKs 

Unweathered rock which at the outset possesses little cohesion (j.¢. has 
a great number of divisional planes and consequently great mobility), 
takes part in mass-movement to just as great an extent as weathered sub- 
stances which have been produced from a long series of rocks of greater 
cohesion and have only in. that way acquired their mobility". 

The number of rock types which are already mobile in the unweathered 
state, or become so when in contact with water, is not great; their dis- 
tribution is far greater. Not only do the still unconsolidated deposits, as 
a tule geologically recent, of fluviatile, lacustrine, aeolian, etc., origin, 
and the clastic uncompacted products of volcanic origin, belong to this 
class, but above all it is the clayey rocks. The greater the cantent of col- 
loidal clay, the greater, too, is the mobility which becomes effective upon 
moistening. Since for denudation it is only the mobility of the materl 
which is of decisive importance, there are adaptations of form to un- 
weathered rock types of differing mobility in a manner analogous to those 
for rocks that have different resistances to weathering. Usually the one is 
taken for the other, and forms are considered to be the result of differ- 
ential weathering when this has nothing whatever to do with the matter. 
An example of this is the ‘weathering out’ of dykes of igneous rock from 
marly and clayey sediments. ‘These latter are almost immune to weather- 
ing, at any rate incomparably more resistant to it than any igneous rock 
whatsoever. That ‘weathering out’ is the result of very unequal resistance 
to denudation, "The clayey rock is resistant to weathering; but when 
thoroughly wet, it possesses greater mobility than the suceptible igneous 
rock can, in the same time, acquire through weathering. Therefore, in 
unit time, more of the former is removed, carried away by denudation, 
than of the latter", Thus it will not do to deduce—without further in- 
vestigation—differences in resistance to weathering from the resistance 
to denudation which becomes morphologically visible in adaptation of 
form to the character of the rock and depends upon differences in the 
mobility, originally existing or acquired, 

Whilst, in weathered material, the onset of mobility is bound up with 
the zones of soil which adjoin the surface, in clayey rocks it comes about 
wherever these come into contact with water. Thorough wetting of clay 
always means a lessening of cohesion in those rocks of which it forms a 
part. If it is evenly distributed, say as cement in sandy or calcareous 
Strata, or as multiple intercalations between less mobile rocks, a frequent 
occurrence in the flysch of the Apennines, Alps, etc,, then the whole rock 
complex becomes mobile when it is wet through; and the mass-move- 
ment, as well as the forms of denudation produced, is determined mainly 
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by the properties of the mobile material. But even if a layer of clay is 
overlain by rocks of totally different nature, with a higher degree of 
cohesion, these are affected by the results of saturation. If the layer of 
clay outcrops, and if it has a valleyward dip, then the complex of over- 
lying rocks ceases to be in equilibrium as soon as water renders the clay 
highly mobile and makes it a ‘lubricant’, a word that aptly expresses the 
property of reducing friction posacsecs by swollen colloids. Under these 
conditions, the occurrence of mass-movement, and the forms which 
arisé, depend not only upon the properties of the mobile stratum and its 
bedding, but just as much upon the cohesion of the overlying rocks 
and their bedding. Rockslides may take place, rocky niches are left 
walled round by bared joint planes, streams of rock fragments roll down 
mto the valley. These are phenomena of a kind quite foreign to the 
mobile types of rock; but they are very often brought about by their 
presence, their properties and their arrangement, 

What matters here is not only the way in which the rock was laid 
down, upon which depends the arrangement of the planes of least co- 
hesion (bedding planes, joint planes, ete.), and so partly also the paths 
by which percolating water penetrates into the heart of the rock, but in 
general upon the permeability of the rock to water. ‘This decides, other 
things being equal, how much of the rain falling upon an area flows off 
the surface and does mechanical work upon it, how much seeps down 
and is brought to any clayey rocks which may happen to be present, and 
which become mobile. [n the case of these latter, so far as they outcrop, 
the effect of great mobility ts reinforced by that of the impermeabiliry 
which renders them highly susceptible to the attack of rainwash as com- 
pared with permeable (porous, loose-textured, fissured) types of rock. 
These conditions account for the extraordinary case with which the 
clayey rocks, which can scarcely be attacked at all by weathering, break 
down and become unstable in response to denudation, a feature which is 
their special characteristic™*. 

Cohesion is the resistance opposing the commencement of mass- 
movement. The resistance which particularly hinders it throughout its 
course is friction. 





FRICTION 
No results are available of any research on its magnitude. It is at any 
rate very preat. Therefore most mass-movement takes place extremely 
slowly, a fact which almost prevents direct observation of it. For the 
rest, a number of phenomena can easily be traced to friction, and under- 
stood from the physical conditions associated with it. 
When accumulating masses of rock waste migrate (ic. not just separ- 
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ate little pieces of rock), there is friction between the components— 
internal friction—and between the moving mass and the substratum ov 
which it passes—external friction. In both cases there. is sliding friction 
and rolling friction; and as a rule not only hard bedies but also water 
and wet colloids take a share in the movement. Now, the conditions 
influencing internal friction are these: 

(a) it increases with the size of the area of contact, and is therefore 
less in the case of coarse material than of fine; 

(5) it increases with the weight (pressure), and is therefore greater m 
the lower soil horizons than in higher ones, and on steeper slopes 15 less 
than on gentle ones; and 

(c) itis greater, the more angular and the less rounded the components 
(roughness of grain), The size and shape of grain are influenced by the 
properties of the rock, especially in the first stages of reduction; but they 
are also influenced by the processes of weathering dominant at the given 
place. For instance, under desert insolation-weathering, a sandstone dis- 
integrating into its individual grains provides quite different conditions 
for friction from those where the rock is compact and homogencous, 
fracturing along joint planes, even if both are at the same stage of reduc- 
tion. On the other hand, where there is similarity in the character of the 
rocks and in climate, the size of grain diminishes with increased reduc- 
tion, and the shape becomes more and more rounded. This change can 
be traced in any soil profile. The friction is partly caused by the edges 
and corners, since they have surfaces which are particulariy large in 
relation to their volume. This means that they are the places most ex- 
posed to attack and so they disappear very rapidly. Thus, as it becomes 
further reduced, insolation rubble shows excellently how the pieces of 
rock become rounded as they become smaller, A similar effect can be 
recognised in the upper horizons of chemically weathered soils where 
fragments of rock, if still present, are at least rounded at the edges, 
Further, the coarser components mutually wear each other away (attri- 
tion}, and this plays an essential part in rounding mobile weathered 
material, whatever its origin. It indicates that rolling and rotating pro- 
cesses are to the fore during mass-movement. 

(d) The last important point is that friction is always greater with the 
transition from rest to movement than during movement. 

It follows that, as a general nile, friction decreases from the bottom of 
the soil profile upwards, in the direction of decreasing weight. ‘There- 
fore, on a given slope, the material above moves more rapidly than that 
lying below it, even if both have the same degree of mobility. This has 
often been observed directly in streams of homogeneous rocks derived 
from landslides, both rockfulls and slumping, and it has been repeatedly 


78 MASS-MOVEMENT 


described as a rolling over and over of the material. [tts just the same with 
the slow movements of the reduced material mantling the slopes. As the 
stilt effect of tree trunks [see p. 109] eloquently proves, the upper horizons 
here move along more quickly than the lower ones. Not only have they 
greater mobility, but in particular they have a slighter load to support. 
The result of this distribution of mobility and friction in the soil profile 
is that the superficial cover of weathered material does not move equally 
throughout 2s a uniform system, but there are different rates for any 
given slope, so that the upper parts move along what are at that time the 
horizons lying below them, the topmost parts having the greatest speed, 
those deepest down going the most slowly. This type of movement is a 
rolling over and over, not pushing nor sliding, and its phystcal analogue tx 


These differences in friction, caused by unequal load, are particularly 
well seen where the soil cover is of a different thickness in adjacent areas, 
Let us first consider uniformly inclined slopes with the soil profile de- 
creasing in thickness upslope, exposing what were lower horizons, The 
rubble horizon that follows immediately above that of the loosened rock 
would of itself have the same friction everywhere; but in one case it is at 
the surface and in another it is loaded with additional material. In the 
first instance, therefore, there is less frictional resistance to be overcome 
than in the latter. As a result—other things being equal—the fragments 
move down more quickly from the higher parts of the slope, where they 
are freshly exposed at the surface, than from the lower ones where other 
material is superimposed. Consequently the degree of exposure is increased, 
and exposure is renewed more quickly in the former than i the latter case, 
and this simply means more intense denudation above than below (see pp. 
54 and 45). The effects of this are especially clearly seen wherever there 
is an intersection of slopes having a mantle of reduced material, which 
becomes thinner from the base upwards, but is continuous and so 
naturally moves down not as individual little pieces but as a mass. “The 
slopes do not intersect in sharp ridges, but are flattened near the top, the 
crests being rounded off. 

This feature finds just as full expression in the zones of intersecting 
slopes where the same arrangement of the soi! cover goes hand in hand 
with an increase in steepness from below upwards. The friction of the 
material ia here reduced, not only because the load decreases upslope as 
the soil cover becomes thinner, but also because there is a decreasing 
Pressure on the substratum im the same direction. The pressure that 
influences the magnitude of the friction (the weight of the down-pressing 
material) acts at right angles to the frictional plane, and becomes less the 
steeper the inclination. When the perpendicular is reached, i.e. with 
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vertically rising walls, this pressure is nil, and consequently there 16 no 
friction to hinder mass-movement"*. 

Friction diminishes with increasing steepness of the substratum. Therefore 
there is less resistance to be overcome on steep slopes than on gentle ones; 
material is more easily set in motion on the former, and less mobility ts needed 
for tts migration, This general lato of denudation deals with the one condition 
(treated on p. 65) cohich affords a universal correlation between the type of 
soil and the inclination of the siope. 

The appearance of conditions which reduce friction is of the greatest 
importance for the whole course of the mass-movement, Attention must 
be drawn to the following points: Throughout the whole journey, the 
moving material, whatever its nature, not only undergoes the far-reach- 
ing effects of reduction (unless it is already in the form of end-products), 
but also its grains become smaller by mutual attrition, as well as some- 
what rounded. Mobility is constantly increasing as it moves from the 
region of supply to the place of accumulation, or to the line of the river. 
Intermixture with fine to very fine particles, and with colloids, increases 
in the same direction, both these reducing friction in every sort of 
weathered material, without any exception. Water, generally more abun- 
dant in the lower parts of the district than in those higher up, acts in the 
same way. Titus the conditions for movement, even on a very slizht gradient, 
are better at the distance from the region of mipply mereases. For reducing 
the friction yet further on these gentle slopes, increasing wetness is an 
essential factor, This is due to the fact that, other things being equal, 
infiltration increases with diminishing gradient, whilst there is a de- 
crease in the amount of surface run-off. That such movement does 
actually occur on very slight gradients is shown by the spreading out of 
spontancously moving material (i.c. material not transported by a 
moving medium), on surfaces with a slope of less than 5°. ‘This can be 
observed at suitable spots in every climatic zone, Obviously this spread- 
ing out takes place even when friction has become so great in the lower 
horizons of the accumulated material as to prevent any further move- 
ment there". The overlying material then gradually moves along over 
that beneath it. 

Thus it may be seen that, on the whole, as one goes downslope, the 
frictional conditions become less favourable to movement, while the fac- 
tors reducing friction become more and more pronounced in that same 
direction. This is of the utmost importance for the net result of the 
denudation: in this way movement begun on the higher, steeper parts is 
continued on lower, gentler alopea. And there is no indefinitely growing 
accumulation of material that has become incapable of movement, ‘The 
conditions governing friction and its lessening do not indeed lead to a 
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situation in which the more mobile material on the gentler slopes is 
moving faster than the rubble on steep declivities—next to nothing is 
known about the rate of the movement—but they do lead to a state such 
that on the whole, material continues to move downwards so long as the 
gradient exceeds a minimum value of just under 5°. 

These conditions apply to all the climatic regions of the world, as may 
be easily realised if the factors reducing friction are compared with the 
conditions producing mobility of the material, The two coincide: their 
world distribution is the same. On the whole, there are present at some 
time or other in every region of the world—other things being equal—opti- 
mum conditions thtch initiate and maintain spontaneous mass-movement, in 
ro far as this depends upon the mobility of the material and its frictional 
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Root SYstemMs OF PLANTs 

The presence of plant roots, particularly the network belonging to 
woody plants, is a most important hindrance to the migration of reduced 
material; and the frequency of its occurrence is second only to that 
of frictional resistance. Tt has even been maintained that a con- 
tinuous cover of forest would entirely prevent the migration of reduced 
material, since this would be held fast by the root system**. But this 
hypothesis cannot be upheld against the weight of facts, No place on 
earth ts. known where the tree limit is associated with an intermuption in 
the conditions of denudation, which would be visibly expressed by a 
change in the land forms, Not one of the numerous elevations rising 
above the tree-line has either a break of gradient or any sharp line of 
demarcation between the forma above it and others of a different shape 
below, No change whatsoever appears in the land forms when parts of 
the earth's crust, which are tectonically alike, extend from an unforested 
climatic zone into one richly wooded, Whether we examine mountain 
systems like the Andes, cutting across various forest belts, mountain 
massifs rising above the tree limit, or continental areas of a diflerent tec- 
tonic nature, their extensive denudational areas reaching into the most 
varied climatic regions, some with and some without continuous forest, 
observation always brings out this one fact: the forest forms a cover the 
presence or absence of which has no marked influence on the fashioning 
of the land. This was as true in the past as now, Quite a number af 
eminences rise from the tropical forest region to above the present snow 
line; and one is readily convinced, and in an impressive manner, that 
there is mowhere any sharp division, any land-form boundary, to mark the 
line to which the early Quaternary tree-limit was depressed in the same 
way as were the other climatic zones. If, however, neither the present 
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nor the former tree limit is associated with a change t in the various land 
forms occurring, or with any break whatsoever in the surface modelling, 
It cannot be maintained that the denudational processes which actually 
shape the land are taking any different course beneath a forest cover, or 
would be brought to an end sooner there than anywhere else. 

More particularly, the above hypothesis is utterly at variance with all 
detailed observation on the properties of the reduced substances, on their 
present migration beneath a continuous forest cover as well as elsewhere, 
and on the root systems of the plant cover, 

Here we can do no more than indicate briefly the casential points. 

Naturally it is possible to consider the influence of root systems upon the 
movements of rock derivatives only for such climatic regions as have 
conditions suitable for a continuous forest cover. These are the humid 
provinces and adjoining parts of their marginal zones. They are areas in 
which chemical weathering is predominant, with the formation of col- 
loidal end-products. When thoroughly wet, these could be prevented 
from moving along an inclined substratum only by sieves of the fineness 
of animal membranes, That is to say, there cannot generally be a felting 
of roots dense enough to stop the migration of highly mobile reduced 
material, so long as the gradient exceeds a minimum value of some few. 
degrees. It could not be done even by a network of grass roots, which js 
of far finer mesh than that of woody plants. Thus it is quite absurd to 
speak of movement being brought to a standstill beneath a forest cover, 
even though the roots may temporarily hold fast the rock fragments of a 
rubble horizon. ‘These do indeed remain in place until further dis- 
integration has so far diminished their size that they can pass through 
the meshes of the root network, or until the rootlets, which do not live 
for ever, die off and rot away, so freeing the fragment which had been 
held back until another root, occurring below, once more holds it up. In 
such a case the root system does act more or less like a sieve: the colloidal 
substances and the comminuted pieces of rock move away, the larger 
fragments cither remain behind or move on at a relatively slower pace 
according to circumstances. Now and again this can be observed on the 
steeper slopes where the tree roots are resting almost directly upon the 
surface of the loosened rock. If observers were satished with noticing 
that such rock fragments were held fast by the root network and took no 
account of the remaining components of the soil, of the end-products, 
and especially of the whole formation of the soil profile, the impression 
would indeed be given that denudation was retarded underneath a forest 
cover, though not of course that it was entirely stopped. However, 
wooded regions by no means form an exception to the previously estab- 
used law (pp. 65, 71) that with increasing steepness of slope the 
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thickness of the soil decreases, and ever deeper soil horizons become ex- 
posed at the surface, This shows that the obstacle which the root-net 
may place in the way of the migration of individual pieces of rubble is 
far from stopping denudation in general. Obviously its effect is com- 
pletely counteracted by the greater intensity of chemical reduction and 
solution. These lead to more rapid formation of colloidal erid-products 
and removal of soluble substances here than outside the wooded area, 

It is only roots which can exercise this sieving effect; and it js actually 
to be observed only on slopes so ‘steep that the root network is fixed into 
the root horizon as if with grappling irons. On less steeply inclined slopes 
itis quite different. From artificial sections in forested regions, and more 
particularly from natural exposures where trees have been blown down 
by the wind, it is possible by systematic search to get a sufficiently good 
idea of the soil conditions and of how they are related to the depths 
reached by roots. This is found to be always less than the breadth of the 
root system; and in areas of denudation it shows, within certain limits, a 
dependence upon the slope of the soil: other things being equal, the depth 
diminishes as the slope of the substratum increases. On steep declivities, 
é.g. in the forested parts of the Alps, or on the steep slopes of the Ger- 
man Highlands, the root system spreads a long way out, reaches a depth 
of only a few decimetres, and rests almost directly upon the living rock. 
The soil is always thin; in type it corresponds to the lower parts of the 
rubble horizon which often has very few small pieces, and in that case 
consists chiefly of coarse fragments, entangled in the roots; and of end- 
products rich in colloids. Here the pressure of the roots in loosening the 
rock is everywhere unmistakable, 

It is different on the flattish slopes. Here depth of rooting reaches jts 
maximum value, which however has never been found to be more than 
about one and a half metres; Here, too, the dense matting of roots is con- 
fined to the upper decimetres, below which the network very rapidly 
becomes more widely meshed. A sparse curtain of roots reaches beyond, 
to the layer one to one-and-a-half metres deep. Only isolated strands 
reach as far down as two metres, and there they have arrived at the zone 
of loosening. Here the thickness of the soil prevents the rock from being 
prized apart by the roots. These figures refer to the root systems of tall 
deciduous and coniferous trees. 

The depth to which the roots extend is thus approximately parallel to 
the local thickness of the soil. In the limiting case, on steep slopes, it is 
somewhat preater than the depth of the soil; on gentle slopes, on the 
other hand, it is less: in between are transitional conditions characterised 
by a diminution in soil thickness and root depth as the substratum be- 
comes More steeply inclined, Observations on the depth of root systems 
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would lead one to conclude it is, at most, on the steeper slopes that the 
matting of roots retards mass-movement. On the other hand, where there 
are flattish slopes, it is out of thie ‘question to speak of retardation by that 
means; for root density increases in that very direction, from underneath 
upwards, in which the sixe of soil grain is diminishing. The mobility of 
the material is therefore increasing, and the chance that it will be hind- 
ered in its migration disappears. 

Not only are these conditions applicable to our part of the world, but 
they: have their parallel in the wet tropics where intensity of chemical 
decomposition, together with the power of growth possessed by vegeta- 
tion, ig so great that even steep slopes, which could give rise to nothing 
but bare rock faces in the temperate zone, have a thick layer of colloidal 
end-products for their uppermost horizon of soil, and are forest clad. As 
k.. Sapper has pointed out for tropical Central America, the root system 
is shallow, about three-quarters of a metre to a metre in depth; and 
below this, the products of weathering can move along unhindered®*, 
Observations by W, Behrmann in New Guinea show to what extent this 
goes on; he frequently found that the rather thin root mat waa no longer 
connected with the sail, but lying in a cavity. Here there had been 
migration of the material underneath the cover of vegetation’. 

It is in some other direction that we must seek the effect of a con- 
tinuous cover of forest upon mass- migration. Veter i i that of checking 
denudation or of preventing it entirely, This ts strikingly proved by the fact 
that in forested as tell as in treeless revions there ts to be found a correlation 
between the steepness of declvities and the arrangement of both the thickness 
and the type of the soil cover; Furthermore, in both there are soil profiles 
where the normal reduced profile of the lower layers is covered over by 
material of another facies which has come from higher up, Such profiles 
as these show that there has been specially lively downward movement 
of the rock derivatives; and this is brought about under a forest cover, and 
continued, even to the present day, by the same conditions as produce it 
in unforested districts'™, 


2. MOTIVE FORCES CONCERNED IN 
MASS-MOVEMENT 
During the eruption of Vesuvius in 1906, dry avalanches of ashes went 
down from the margin of the crater over the flanks of the cone'™, ‘Their 
restricted area, as well as the short duration and rapidity of the whole 
course of events, render them particularly suitable for studying the 
origin, progress, and effects of mass-movement, ‘The material consisted 
a loose mixture of volcanic ejecta, lapilli, sand and very fine dust, so 
that it had exceptional mobility, This, and the lessening of friction due 
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to the considerable amount of heat which these substances possessed, 
found expression in the liveliness of the downward movement. The 
material did not, however, set off on its downward journey immediately 
it had been deposited on the motintain side, although there was a slope: 
movement did not begin until the deposit of tuff had acquired a certain 
thickness. Once in motion, the material did not come to rest till it had 
reached the foot of the cone, where there is a very rapid decrease in 
gradient. ‘This course of events shows very clearly that the force of 
gravity is the prime cause of the movement, and keeps it going so long as. 
the gravity component, which diminishes as the slope becomes less, js 
sufficient to overcome the resistance of friction. It was, however, in- 
adequate to release the movement, i.e. to overcome the resistances which 
occur at the beginning of motion, in particular, the friction which ix 
specially great at that stage. When there is material ready prepared for 
removal by denudation, all those forces which release the downhill motion, or 
assist in doing so, are here collectively called the motive forces of mass- 
movement. 





INCREASE OF Wercit 
This was the motive force for the cinder avalanches of Vesuvius. Itijs a 
question of equilibrium: a body resting onan inclined substratum, after 
its cohesion has been destroyed, can be set in motion only if the pull 
exerted upon it is greater than the friction, this latter depending upon 
the load, and upon the cosine of the angle of inclination, Thus the rela- 
tionship 1s given by the equation: 


mp si a > p mg cos = 


where m represents the mass, g sin a the component of gravity acting 
parallel to the angle of inclination a, p the cocficient of friction, and 
mg cos a the pressure exerted on the inclined substratum. From this it 
follows that for each weight there is a definite minimum gradient on 
which it just cannot move along: and the smaller the weight which rests 
on it, the greater is this minimum angle of inclination. Or it may be 
expressed thus: other things being equal, greater weights are stable only 
on nearly level slopes, whilst the smaller ones reach a position of rest 
even when the substratum is steeply inclined, If a mass, which is just 
unable to start moving onan inclined substratum, has its weight: in- 
tees then, under al circumstances, the downward movement is 


| These relations are important for the downward course of mass-move- 
ments; for Svery part of the slope is not only loaded with the reduced 
material originating on it, the weight of which increases as the attack of 
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the reducing process progresses deeper and deeper, but it is at the same 
time a passage way for the rock derivatives coming from higher up. ‘Thus 
everywhere on a denudational slope there is an allochthonous as well as 
an autochthonous increase in weight; and this must; in all circumstances, 
lead to spontaneous transport of the muterial. 

Where there is no difference in exposure or in the character of the 
rock, the profile of reduction grows in thickness uniformly at all parts of 
a slope, so that the autochthonous increase in weight is everywhere the 
same. The distribution of weight, however, changes as soon as any 
appreciable amount of material leaves its place of origin bringing an 
allochthonous increase of weight to parts lower down the slope. 'This 
increase is zero at the upper edge of the slope, and is greatest at the slope 
foot, the whole slope being a source of supply for this. Hence the posi- 
tion becomes as follows: The mass-movement set going must continue 
so long as mobility permits, Where accumulation is taking place, the 
movement cannot be restricted to the highest horizons of the soil, but 
must affect the whole of the material, provided its substratum is steeper 
than what corresponds to the angle of friction. ‘This angle of friction, at 
which movement of the material resting directly upon solid rock comes 
to an end, is less than it would be if there were no mass-movement, no 
denudation, and so no consequent accumulation of rock derivatives on 
the lower-lying parts of the land. It is thus clear that when reduced 
material spreads out over very gentle surface slopes, there is a corre- 
spondingly small pradient of the substratum. 

‘This ts illustrated, to take one example, by the complete covering over 
(cicatrisation) of the disused beds of watercourses. [t is specially well seen 
in many of the flattish trough-like valleys formerly produced by erosion, 
which are found, e.g. on the scarpland peneplanes, but also in most of the 
dry valleys that encircle cut-off meander spurs: The disappearance of 
every trace of brook or river bed, as well as the whole peculiar trans- 
formation of such valley-floors, is in both cases brought about by the 
migration of slope waste. Often this is not particularly fine-grained, but 
it is generally of course rich in colloids, and it moves along the very 
gentle foot-slopes on both sides towards the valley trough, where all the 
material ends up together, 

As we learn from experience of the slumping type of landslide, con- 
siderable importance attaches to increase of weight from the presence of 
water, This is absorbed by rocks with a high capacity for holding it; 
deposits of loose material, scree, etc., have this, but the outstanding 
examples are rocks rich in colloids, such as chemically reduced material 
and sedimentary rocks containing clay, ‘These latter become heavier as 
water is absorbed, and they begin to move, in so far as the nature of the 


bb MASS-MOVEMENT 


slope permits. At first the sliding mass acts as a single rigid system which 
has increased its weight as. whole by taking up water; and it slides along 
as a whole over a uniform substratum. But once the movement has been 
set going, this unity is lost. ‘The material no longer slips, its components 
roll over one another, and the mass begins to fiow. In witness of the fact 
that the migrating body of rock began as. asingle unit, there remains at its 
place of origin the landslip scar, a niche bounded by the surfaces of 
minimum cohesion originally existing in the rock. The mass which 
slipped down, however, has disintegrated, the tiny pieces of rock are no 
longer in firm contact with one another, they no more move along 4 uni- 
.form substratum, but each one moves by itself. The result is of necessity 
the stream-like appearance, or the pulpy mags, so often noticed!™. 

Nonnally, when reduced substances migrate, there is no such se- 
quence of these two forms of motion, slipping and flowing. But the 
following. seems to indicate that the ordinary type of migration is re- 
placed under certain conditions by what is more like a downward-slip- 
ping movement. In that case, the movement reaches down to the rock- 
floor in a more homogeneous fashion; and so, in addition to the conse- 
quences of allochthonous increase in weight {set out on p. 85), it provides 
in a certain way the necessary condition for producing a mechanical 
effect upon the substratum. In artificial sections which go through rather 
thick masses of transported material, a sharp boundary, irregular in 
detail (see p, 68) is to be found between substratum and overlying soil, 
in place of the ill-defined transitional zone found in other cases. 'T'his is 
the rule for the steeper slopes. Such a sharp demarcation between sub- 
stratum and overlying maternal must necessarily come about as soon as 
there is any considerable movement of solid bodies over the former, this 
making a slip plane of the upper surface of the rock. 

In most continental areas, with their seasonal alternation of thorough 
wetting and drying out, the behaviour of the colloids is very likely to 
play a part. When they dry up, they weld together the substances mixed 
over a layer of wet clay, can then move only by sliding over the layer 
beneath, which retains its moisture for a very long time. ‘This goes on 
until the soil has completely dried out. 

_Tnerease in weight by the absorption of water is undoubtedly a motive 
force, and its influence on mass-movement and the effects of that cannot 
easily be overestimated. Except in completely arid regions, it takes place 
regularly on the whole of the land area from the equator to the edge of 
the continental ice-cap. It increases with the water-holding capacity of 
the material, and is therefore greater in material which is rich in colloids 
or is fine grained, than in coarse-grained clastic facies with their far 
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smaller interior surface. It increases with the quantity of accumulated 
weathered material, i.c. with its thickness. This latter relationship i is of 
special significance since reduced material accumulates j just where there 
18 also a greater amount of meteoric water collecting in cavities and 
furrows, 


FiucruaTions tx VOLUME 

For overcoming resistance to the migration of rock waste, fluctuations 
in the volume of the material take second place. [fa body resting on an 
inclined substratum expands, the movement occurs mainly downwards; 
if it contracts again, the shrinkage occurs mainly downward, ‘The result 
is, on the whole, a displacement in the direction of the fall of the ground, 

The change in position produced by a single fluctuation differs in 

amount according to what has caused it, but it is always very small. 
There is perceptible change only when the fluctuations in volume are 
repeated sufficiently often. The term jine movement is therefore used. 

These movements obviously play a very great part at the earth's sur- 
face, since there is everywhere an endless repetition of change in volume. 
of the material lying upon its slopes. Such changes enable the maternal 
to move away even On those slopes where the gravity component ts in- 
sufficient to overcome the frictional resistance. They further, even if they 
do not actually bring about, that spreading outwards of rock derivatives 
to form surface slopes with an inclination of less than 5°, which may be 
observed at appropriate spots in every climatic region. 

One factor responsible for fluctuations in volume is variation in tem- 
perature’ of the land surface: soil temperature. ‘These variations are 
repeated day in, day out; everywhere, however, their range decreases 
very rapidly with depth. "The upper horizons of the soil are therefore in 
a favoured position; here the micro-movements are greater, and this 
causes the upper particles of the soil, in every case, to move gradually 
away over those lying below. Fine movement of this kind naturally 
achieves its preatest results in those regions where differences of tem- 
perature are greatest and occur most frequently, i.e. m the arid and semi- 
arid provinces. Their effect will be least in moist regions, and here again 
less in the tropics than in the temperate xones. 

Fine movements caused by the swelling and shrinkage of colloids, as 
these are wetted and dried, naturally have their home in those parts. of 
the world where the weathered material contains colloids, Swelling in- 
creases the dry volume by more than a third!'** "Thus the impulse to 
move, experienced in this way by the reduced material, is very con- 
siderable in humid and semi-humid regions. he extent to which it 
moves away along an inclined substratum merely through this kind of 
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fine movement grows with the colloidal content, and so tt generally in- 
creases in the soil profile from below upwards. It further increases with 
the frequency of wetting and drying. This alternation occurs in all parts 
of the climatic regions under consideration; but it differs from place to 
place, not only in frequency but also in thoroughness. The poattion is 
least favourable in the rainy tropics, most favourable in temperate 
regions where the succession of wet and dry conditions during the course 
of the year takes place more frequently than elsewhere. 'To make up for 
that, however, the drying out is not so thoroughgoing here as in the 
semi-humid provinces with their pronounced period of drought. ‘Thin 
soils, and the overlying parts of thick masses, are the first to dry out 
completely; it is otherwise with the deeper zones of the soil, where the 
water is lost only after a longer period of drought. In these, therefore, 
the extent of the micro-movements is less than in the former cases. 
Again we find that the overlying parts of the material are more favoured 
than those beneath. 

In the polar regions, in their marginal zones, and on high mountains, 
where the temperature fluctuates round about o° C. during a portion of 
the year, water takes over the part played elsewhere by colloids, pushing 
soil particles downslope as it freezes, whilst with thawing there comes 
about a further movement, again downhill. In addition, the expansion of 
water as it freezes, like the expansion of colloidal substances, effects a 
swelling of the surface layer of the soil. In this way, soil particles are 
lifted up at right angles to the inclined upper surface; as melting occurs, 
they sink vertically and this, too, shifts them down the slope?®*. As this 
last-mentioned process is restricted to parts near the exposed surface, it 
also leads to more favourable conditions in the wpper than in the lower 
soil horizons for the fine movement caused by frost. 

Summing up, it can be stated that there are present in every climatic 
zone of the earth the conditions necessary for fine movements; and 
that, so far as is known at present, itis only in the wet tropics that these 
are not of a most favourable nature. But there, conditions are excellent 
for mass-movement on an extremely small gradient, because of the con- 
stant and thorough soaking and because of the far-reaching transforma- 
tion of the rocks into colloidal end-products'’. It is not, therefore, 
surprising to find that in every region where denudation of the land is 
taking place, even where running water is not active, reduced material is, 
at suitable spots, spread out along exceedingly gentle slopes, and this 
implies spontancous downward movement along descents that are very 
slightly inclined. 
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Peniops oF MOVEMENT 

‘The motive forces of mass-movement, like the movement itself and 
like rock reduction, by no means go on without a break; but during the 
course of the year periods of movement are to be distinguished from 
periods of rest. ‘This is true for every climatic region. The reason lies in 
the seasonal march of the elements of climate, on which the processes 
of weathering depend. ‘These affect especially the development of 
mobility in the material and the setting in of conditions which, as the 
case may be, release or assist movement. Frost-weathering ts practically 
stopped so long as the soil temperature docs not rise above o° C. during 
the day. In polar regions it is a summer phenomenon, as the temperate 
zone is approached it becomes one of autumn and spring, and finally itis. 
restricted to the winter months. Naturally it is only at periods of thaw 
that soaking wet frost-svils move along. In regions where colloidal 
weathered material is produced, [the necessary) chemical weathering is 
bound up with the wet seasons. They are at once the periods of mobility, 
and of increase in weight through the absorption of water; and therefore 
they are periods of mass-movement. In times of drought all these pro- 
cesses are suspended. In the semi-humid areas with a pronounced 
seasonal drought during which the cover of vegetation 1s dying off, rock 
reduction by insolation can come into play at this time. But the rock 
waste is immobile because of the intermixture with colloids which co- 
here when they are dry, A study of mass-movement in, for example, 
Central Europe, must therefore be made in early spring (snow melt— 
spring rains) or in autumn, but not in summer, in the Mediterranean 
region it must be in winter, in the semi-humid tropics in summer. At 
other seasons there is no sign of movement in the respective areas, only 
rest. The transition periods from dry to moist are not only periods of 
fine movement and changing mobility, but also of fluctuating weight 
through the taking up and giving off of water. They occur twice in the 
semi-humid parts of the world, at the beginning and at the end of the 
dry season; in temperate regions they are more frequent and more ir- 
regularly distributed throughout the year, and in the wet tropics there ts 
scarcely a trace of them. 

Just as the wet tropics are characterised by having no season when rock 
reduction, mobility, and transport of rock derivatives are less than atother 
times, so in deserts there is no noticeable interruption of insolation and 
the removal of insolation rubble'™*, On the other hand, in semi-and 
regions, into which seasonally rainy periods may penetrate, in winter 
from the poleward, in summer from the equatorial side, greater differ- 
ences again appear: times when the rock waste is thoroughly wet are those 
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of lively downward movement, e.g. in the Tien Shan, in eastern and 
southern Tibet, in the Karakoram, and in the eastern part of the Puna de 
Atacama, as travellers have found to their discomfort (‘flowing rock’). In 
the transitional period when drought is approaching, the material loses 
its high mobjlity, reduction by insolation becomes again predominant, 
and, when it has completely dried out, the mass, once more in a dry 
condition, moyes slowly downwards as in the desert (‘moving rock 
waste ), 

Thus, over very wide areas, the spontaneous migration of reduced 
material, in short, sheet denudation, temporarily ceases. It is not a con- 
Hnuows process, but regionally it is a periodic one. The alternation of 
times of movement and of rest correspond exactly with the times of high 
and low water in the rivers; and for these, too, it is only at high water 
that work is done and morphological effects prodticed. In establishing 
the periodic character of denudation, no assertion is being made as to its 
intensity. And it is certainly not permissible to deduce different amounts 
of denudation in unit time from the differences in the time at which tt 
commences in the individual climatic regions. 

Now this is also leading towards an answer to the question of what 
length of time should be taken as the smallest unit for the present in- 
vestigation and for morphological and geological processes in general. 
In theoretical physics we understand by time-differential a space of time 
—thought of as infinitely small—during which a force produces an 
infinitely small effect. For prolonged, slow-acting processes, like rock 
reduction, by which we can measure the very slow processes of denuda- 
tion, and indeed, as will be shown, even crustal movements which are 
just as.slow and extraordinari ly long drawn out, the infi nitely small unit 
of time is no measure for a very small noticeable effect. Summation of 
such infinitely small amounts would jead to the result that no effects are 
produced, and that there exists, therefore, an unchanging state of equili- 
rum. Obviously this is wrong. The observed phenomena, rock reduc- 
tion and mass-movement, are the result of very different forces each of 
which acts for itself at a given place with its own special intensity at any 
given. mornent. Corresponding to seasonal changes, this has a vearly 
period which may on the whole be considered constant for successive 
yeurs, We do not, however, observe the effect of each individual variable 
factor, but only the total effect of aff the forces acting in the course of a 
year. The yearly period is therefore the smallest unit of time during 
which all the conditions working towards rock reduction and the sub- 
sequent denudation come into action at least once in a specific manner 
and with specific strength. Hence the smallest tunit Of time terth which we 
can reckon is the year, . 
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3. WAYS IN: WHICH MASS-MOVEMENT ‘TAKES PLACE 
AT THE EARTH'S SURFACE 

Since A. Penck’s first attempt at systematic treatment, observations 
Of mass-tmovement have multiplied to an extraordinary extent in all 
parts of the world’"". Identical or similar phenomena of migration have 
heen found in the most varied climatic regions; slow, imperceptible 
movements, and more rapid ones, make their appearance at all spots 
where there are adequate predisposing conditions. Thus, in classifying 
observations about mass-movement as should be done when presenting 
them, the geographical standpoint is not the one to consider, G, Braun 
chose the rate of migration of the material as starting point for his 
attempt'™”, making the assumption that this depended on the gradient. 
He arranged the movements in order of decreasing gradient, as a series 
with decreasing velocities, and believed that he had found in this a paral~ 
lel to the erosion cycle. However, it is but asmall section of the pheno- 
mena which can be dealt with in this way, Moreover, the velocity de- 
pends not only upon the gradient, but also upon the weight of the 
moving material. 

There are differences in the mechanism of the movement according to 
whether the loosened rock particles migrate singly or in association as 
members of a system prowing by accumulation—an ‘accumulative sys- 
tem”. In the former case there is free fall, or a modification of it; in the 
latter, the movement is a kind of flow. It is further of importance 
whether the mass-moyernent takes place at a freely exposed surface or 
beneath a cover of vegetation. On steep slopes, this latter prevents the 
loosened particles fram moving quickly down the valley. This is the 
reason why cumulative migration occurs on considerably steeper slopes 
in humid regions—especially in the tropics’*—than in regions of the arid 
or semi-arid type where vegetation 1s absent or scanty. Any interruption 
in. the vegetation cover automatically changes the slow sub-cutaneous 
migration inte a quicker down-flowing or into slipping at that place. 
Accordingly a distinction can be made between /ree mast-movement and 
mass-movement bound down by vegetation. Free mass-movement may 
occur whether substances are rich or poor in colloids, and even if they 
are devoid of them. In the first case they move only in the presence of 
water; in the latter, they migrate either wet or dry. 





(a) Micration as Inpivipvat Loose Fragments 
This is the form of denudation that occurs on freely exposed rock 
faces, where the declivity is too great to afford a resting place for any 
small piece of rock loosened from its connection, Its departure means 
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the exposure of a fresh rock surface to the attack of reduction. This is the 
simplest case of denudation. In regions free fram vegetation, i.e, in the 
aril, semi-arid, polar and nival provinces, bare rock always forms the 
steeper slopes. According to my observations in the Atacama Desert, it 
begins (without any assistance from rainwash) as soon as the slopes have 
an inclination of about 25°. When the gradient is above 35°, there are no 
slopes which are not rocky. ‘The way in which pieces of rock leave these 
precipices is not free fall, but a rolling tumble. In the high parts of our 
own [European] mountains, downward movement of loose fragments is 
familiar to the mountaineer as a rock-fall'™. It occurs most often in the 
morning and is associated with the action of frost wedging. Like any other 
process of weathering, it finds favourable lines of weakness along planes 
connected with the structure of the rocks, with their joint planes and 
with their cleavage planes; and so the summit forms of rocky mountains 
often show in a very marked way their dependence upon the character 
of the rock'*. Mention must also be made of the loosening of platy, scale- 
like portions of rock which, by their direct departure from bare rocky 
heights, leave dome-shaped mountain forms. ‘They are interpreted as 
desquamation forms, but they are not confined to regions where the 
insolation effects are powerful or exclusive of all others, and in general 
they seem to be dependent upon pre-existing planes of separation in the 
rock!?#, 

In areas with a continuous cover of vegetation, the appearance of rocky 
walls is for one thing associated with places where vigorous downcutting 
and undercutting is taking place, whether by running water in valleys, 
at the outiow of springs, or by the action of breakers on the coast, In 
addition to the spontaneous weathering away of individual rock particles, 
there is here developed as a form of accelerated—so to say, foreed— 
denudation, the after-fall of rock complexes undercut and so robbed of 
their support. As regards the mechanism, it may be classified with the 
processes treated above; yet, in respect of the maternal removed and the 
conditions producing the removal, there is alreaily a transition to land- 
slides (rock-falls), Where springs issue, the phenomenon may under 
certain circumstances assume extraordinary dimensions, more parti- 
culurly in areas of horizontally bedded sediments, differing in perme- 
ability. This will be discussed later. 

The tendency to produce rock walls differs greatly for the individual 
types of rock, and not only depends upon the cohesion but is also decided 
by the arrangement of joints and bedding. Steeply inclined cleavage 
planes and joint pianes favour the formation of rock walls, other things 
being equal. That is why the outcrops of distinctive rock complexes, 
more resistant to denudation than their surroundings, readily assume on 
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steeply sloping declivitics the form of rock walls or stand out as rock 
masonry, even if there is no undercutting of any kind. Here it is only 
spontaneous weathering away that takes place, i.e, migration of the indi- 
vidual little pieces loosened by weathering, exactly as in the case of those 
exposures of rock which under certain conditions are found on the 
summits of interiluves, or else which represent the remains of them, like 
¢.g. the granite tors of the Harz or Fichtelgebirge. Finally we must 
remember the rock faces that were formed under conditions differing 
from the present ones: corrie walls and the walls of glacial troughs that 
enclosed Pleistocene névé and ice. These, especially in landscapes where 
the average gradient of the slopes is otherwise moderate—Black Forest, 
Riesengebirge, Bithynian Olympus, Bighorn Mountains of the United 
States, etc.—are conspicuous from a distance on account of their exces- 
sive steepness. 

The individual tiny pieces that have crumbled off collect at the foot of 
rock walls to form screes, wherever space and other conditions permit. 
The upper surface of the talus has a concaye profile, since the falling 
fragments of rock arrive below possessed of a definite impetus which in- 
creases with their mass. Thus the large pieces, as a result of their greater 
inertia, arrive at or near the lower edge of the talus, and build up its 
trail; the trajectory of the smaller pieces has already come to.an end at or 
near its summit", The under surface of the talus is always a slope with 
a gradient less than that of the rock face above. This is the basal slope.* 
It is not always covered with fragmentary material, which is usually 
absent if another rock wall follows below the basal slope. Excellent 
examples of such basal slopes without any talus are the stepped rock 
faces of the Danube valley where it breaks through the Alb, between 
Tuttlingen and Sigmaringen, [tis worth stressing the fact that the step 
effect of the walls has not the slightest connection with the stratification. 

Where the basal slope meets the rock wall, forming a concave angle, ts 
the top of the basal slope.t The accumulation of talus does not simply 
bury the rock wall and thereby remove it from further decay; but, to- 
gether with the inclined basal slope, it grows upward at the expense of 
the wall. ‘This latter, therefore, has no continuation buried beneath the 
talus, as might previously have been imagined, but it is here replaced by 
a less steep inclination, a3 can be acen especially easily in, for example, 
the Alps near the summit of almost every talus of rock waste", In its 
upper third the inclination of the basal slope is greater than that of the 
surface of its covering of rubble; in the lower third of a fully developed 
tals, however, it is smaller, Both the upper and the under surface of 
such seree slopes are concave, The thickness of any complete scree slope, 

* Haldenhang. + Haldenscheitel. 
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as measured at right angles to the surface, is greatest about the middle 
(nearer the lower third). | 

The fact that the under surface of the talus is inclined, makes it im- 
possible for the components to remain immobile in their places, Rather, 
the whole mass of talus slowly migrates, and in this way it continues the 
transport of the small pieces which were moving individually from the 
steep walls above—aunless there is a local cementing by deposits thrown 
out of solution, as can occasionally be observed in limestone regions. 
The migration is, to begin with, slower than the arrival of material from 
above: the talus grows. Thus its total weight increases and, further, the 
components of the rubble on it are canstantly getting smaller, chiefly hy 
insolation in arid regions, by frost shattering in polar regions, by chem- 
ical weathering in the humid provinces, or in the transitional zones by 
the processes of rock reduction which are effective there. As the mass 
becomes heavier, it also becomes more mobile, There must, therefore, 
arise a stationary condition between supply from above and migration of 
rubble within the talus, 30 that in unit time it gives off downwards—to a 
choked watercourse or to other streams of waste material into which it 
leads—as much as is added to it, The mass of talus then ceases to grow. 
Its downwards movement is now and then clearly visible from the way 
in which it flattens out. This, apart from the increase in weight which ts 
equally effective in all climatic regions, is assisted by the motive forces 
that are specially important in each particular land area, such as satura- 
tion (diminution of friction), fine movement from the freezing of water, 
or fluctuations in volume duc to a regular daily heating up. The type of 
movement is free mass-movement which, ¢.g. in the Alps with its heavy 
soakings, may frequently assume the form of violent rushes of very wet 
mud. 

Examination of the pieces of rubble in the talus proves that this does 
not consist only of material from the steep walls above, though this 1s 
dominant, but that amongst it there are also fragments from the basal 
slope. They show that the cover of rubble does not prevent denudation 
from taking place underneath it, and demonstrate that the basal slope is 
not only a transit region for rock waste derived from the freely exposed 
rock face, subjected to vigorous denudation, but is also itself a region of 
supply. 

There is another set of phenomena essentially similar to migration by 
individual loose fragments; but, because of the far greater dimensions 
involved, they have special characteristic consequences. These are rock- 
falls and related processes. 
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Landslides (Rock-fall) 

Though individual phenomena, in some regions they so frequently 
occur in groups that A. Heim actually called them a normal part of 
valley formation and weathering (by which he meant denudation)", A. 
Penck and E, Brickner have shown that for the Alps this is the case, 
especially in the mountain ranges which were once glaciated and where 
the vanishing masses of Pleistocene ice left behind them beds with over- 
steepened flanks''*. Material breaks loose from these, giving rise to rock- 
falis. They can generally bé considered a3 compensatory movements, 
the object of which is to get rid of the excessive steepness and to produce 
that normal slope at which a given rock is just stable. The stability is 
determined on the one hand by the rock's power of cohesion, on the 
other by the bedding which decides the arrangement of the planes of 
least cohesion that may be present in the rock (cleavage planes, bed- 
ding planes, etc.). If these are inclined in the same direction as the sur- 
face gradient, undercutting creates what is needed for rock movement to 
take place, and this movement starts when cohesion is lessened and 
destroyed, and when the plane which acts as slip surface exceeds a mini- 
mum inclination" *. ‘The relations are clearest i an area of tilted sedi- 
ments where the bedding planes play the part of slip surfaces. Under- 
cutting here makes landslide fewtures a regular phenomenon; and whole 
valleys, which like the Kandertal run parallel to the strike of the strata, 
owe their appearance to it". In most cases the lessening of cohesion ts 
brought about by water which collects on impermeable intercalations of 
clay and transforms them into a highly mobile lubricant. If the inclina- 
tion of the strata is sufficiently great, the overlying beds slide down (rock- 
shide); in other cases, if the layer of clay is insufficiently tilted but 
softened to a pulpy mass (A. Heim’s ‘squeezed mud’ flows), the load of 
rock may squeeze this out. Also quite thin clay partings along bedding 
planes, as well as along cracks penetrating the rocks, are, when saturated 
with water, enough to break up the cohesion, The great importance of 
water in releasing falls of rock—no small part is played by the increase of 
weight which saturation with water brings to fissured rocks—is most 
clearly brought out by the fact that they are generally to be observed in 
‘wet years and wet seasons—September and spring in the Alps™*. 

_ Asit falls, the breaking rock complex is dissipated into fragments, and 
these move no longer by sliding, but by rolling, tumbling over and over 
one another. If the amount of rock material going down is large, the 
fragments unite into a rapidly moving stream of rock waste which even 
on flat ground rolls farther the greater the mass and the higher the fall. 
Lake ground avalanches, it comes to-a stop suddenly, as soon as its im- 
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vetus is exhausted, Examples are the stream of rock fragments at Eim, 
‘and the cascades of white limestone that flowed down when a rocky 
tower broke off in the Brenta group (south 'Tyrol); and E. Howe's phiote- 
graphs of ‘rock streams’ in the San Juan Mountains of Colorado show 
the stream formation excellently preserved™. Elsewhere, such rapid 
movement of ever accumulating dry material 1s to be found only in con- 
nection with volcanic eruptions, thus it always denotes special occur- 
rences that set in when great quantities of loose fragments are suddenly 
ready, in place, on an inclined substratum: Increased interest attaches 
to these quickly flowing streams of rubble, because of the mechanical 
work they perform. They scoop out the path along which they move and 
deepen itconsiderably during their short course. ‘This has been repeatedly 
observed with avalanches of volcanic ash and rapid rubble-streams of 
volcanic origin'™; but streams of fragments derived from falls of rock 
have also offered good opportunity for observation, as for example that 
of Elm and the ‘debris-slide’ at Bilten in Glarus (29 April 1868) when a 
furrow six to ten metres deep and ten to twenty wide was scooped out, 
Because it is confined toa linear path of movement, this kind of mech- 
gnical action on the substratum ts comparable to the erosion of running 
water, and the mechanism is indeed the same in both. 

At its place of origin, the rock-fall leaves behind a niche-like scar, 
bounded by planes of minimum cohesion. Here, by the removal of 
‘material, a new rock surface has been exposed to destruction and rock 
reduction; the scar region is an area of denudation, The region of depost- 
lion is where the material comes to rest after the fall. In this ‘way, the 
arrangement of the three, essentially different, areas typical of all mass- 
movement, and indeed of all processes of denudation and of their inter- 
connections, can be excellently observed in the features associated with 
a landslide. 

‘The amounts of rubble, which are brought to valleys at any one time 
by landslides, are far too great to be: removed strught away by the 
streams flowing in them. If such a stream of fragments crosses @ river, 
this is dammed up to form a lake which remains for a longer or shorter 
time according to the size and strength of the dam. Thus the lake of 
Carri-Lanquéen (Argentina), dammed up by a landslide of probably 
Pleistocene age, did not disappear till 1914 when the dam burst, two 
cubic kilometres of water running off ina single night. Such events have 
occurred more than once in the remote past'**. The lake in the Golm 
yalley (Himalaya), dammed up a few decades ago, was reduced in size 
by an analogous bursting. 5o far it has remained = permanent element in 
he valley landscape'**, ‘The Rhine has long since gnawed through the 
Pleistocene landslip deposits at Flims, which are 400 metres thick'**. 
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Landslide deposits often retain their irregularly hilly surface for a 
long time, and the name “Toma landscape" is given to it in the Alps"*". 


(6) MOVEMENT WHERE MATERIAL is ACCUMULATING 
(a) Free AWass-Movement 

When material migrates within screes and when streams of rocky 
fragments are associated with rock falls, this is merely the continuation, 
on gentler slopes, of the removal of the material, [n both cases it is free 
mass-movement, which can take place even in a dry state, without the 
help of water. It then belongs to a type of mass-movement which is 
very widely spread in areas where vegetation 1s scanty, particularly in 
arid regions, but also in semi-arid ones. In such areas it is the dominant 
form of denudation found on slopes with an inclination of less than 
25°, except when the wash from rills of rain water effects a quicker and 
more complete removal of the reduced material and prevents it from 
piling up to form masses of ever accumulating rubble. 

Thorough investigation into the development of dry insolation rubble 
and its slow downward movement was made in the arid Atacama Desert 
and its semi-arid marginal zones. The fact of movement is evident from, 
among other things, the often perfect rounding of the rock fragments 
due to mutual attrition far from their place of origin, and from uniform 
mixing-up nght to the very bottom of the material: rubble—grit—sand 
—tlust near its source of supply, grot—sand—dust at a greater distance 
from it, This is the case although reduction by insolation acts only on 
the surface of the rubble, and thus only the upper horizons undergo 
further comminution of their components. The uniform penetration of 
this comminution right down to the bottom of what are often great 
thicknesses of debris, presupposes a mixing through and through, i.e, 
movement; and this is directed downslope, as may be seen from blocks 
travelling along and breaking into fragments on their way, as well as 
from the petrographic composition, On the slopes, this migration takes 
place over the whole surface; in the furrows, along a line, Here the debris 
is in the form of huge streams, which are joined asymptotically by indi- 
vidual oustanding strands of movement, and which have their upper sur- 
faces quite unscratched by any runnel. These valley-like forms with no 
river bed are in sharp contrast to those, far rarer, depressions along 
which water flows cither constantly or now and again. Streams of debris 
are not developed in these. 

The gradient of these furrows with their rubble streams is always less 
than that of the bordering slopes. Movement in them seems very strongly 
marked, obviously because the mass of these streams of detritus is far 
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greater than that of the rubble cover which moves down the mountaun 
flanks, ‘They are arteries for collecting debris, strands of movement con- 
tinuously increasing in weight. Traces of movernent are still distinct; 
and, on gradients of less than 5°, rubble cones, also without any trace of 
a watercourse, occur in the great hollows into which these streams of 
debris discharge their load. They spread out to give surfaces inclined at 
as mall an angle as 2° to 9°. This gives the minimum gradient for move- 
ment of the highly mobile mixture of sand and grit which is the final 
result of reduction by insolation. Hence it follows that accumulated debris 
must migrate, and denudation occur, so long as the land slopes at an angle 
greater than 2° to 3°. 

No increase of moisture came to the high interior of the southern 
Puna de Atacama with the Pleistocene fluctuation of the climate. At 
most there was intensification in the formation of rubble, a process still 
vigorous at the present day. Arid conditions likewise prevailed during 
the whole of the Tertiary period. This state of affairs makes it highly im- 
probable that it was rivulets which produced the furrows that, filled with 
their streams of rock waste, are even now becoming steeper and more 
ramified. Rather, everything indicates that the rubble streams have 
themselves eroded their beds and deepened them into valleys, or at least 
that they have had a large share in it, Wherever a considerable weight 
passes over the rocky substratum, there is stronger mechanical action 
than in the surrounding parts. ‘This 1s generally true, and explains how 
it is that mass-streaming of the type described or of a similar kind, slow 
as is its movement, not only can trench its substratum to form a furrow, 
but is bound to do 50. | 

By the time the paths of neighbouring rock fragments unite—and there 
is ample opportunity for this on every alope—a preference for certain 
lines of movement has already been established. The weight of material 
moving along these 1s therefore perpetually greater than that in neigh- 
bouring parts; and 50, there must be an intensification of the processes 
acting on the rock bottom below auch united paths (to be considered 
later [pp. 111 ff.]), and the substratum there becomes trenched. The line: 
cof movement becomes a furrow, attracting all the rock fragments near it 
that have become loosened from the rock texture, This means an in- 
ereast in the weight moving along every tiny furrow, a further favourable 
condition as compared with its:surroundings, thus leading to its further 
deepening. It is quite clear that this in turn causes an increase in the 
material migrating along it, and still further deepening. The individual 
effects are not only added, but they reinforce one another, since the ori- 
ginal causes are intensified. Thus a mass-stream necessarily develops 
wherever a fayoured line of movement has once arisen by the union of 
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the paths of movement of neighbouring single little bits of rock, And 
just as necessarily, this leads to the formation of a valley without any 
stream bed. It will be shown later that this phenomenon is widespread 
all over the world and that its causes are everywhere the same. 

In the semi-arid marginal zones of the Atacama Desert, showers of 
rain, which are not so very rare, have a double effect. In the desert itself, 
the steeper slopes still have immense covers of rubble. But these are 
absent in the semi-arid parts, and ao there is not the slow migration of a 
continuous mass of material always increasing in amount. Nor are there 
any streams of dry rubble. Instead, there is rock, loosened in texture to 
a quite considerable extent and strewn with stones, The influence of 
rainwash i# here unmistakable; he rock waste, that has been removed, 
collects as 4 continuous cover of rubble only when it reaches slopes 
gentler than would be necessary in the neighbouring arid regions. At 
umes of saturation this accumulated waste possesses extraordinary 
mobility, and flows almost like mush into the depressions of interior 
drainage where it spreads out into nearly level surfaces, often measuring 
tens of kilometres in width. Here, too, one must search long for the rare 
traces of running water. Where torrent beds from the mountainous 
margin debouch on to such rubble plains, they quite often become lbst; 
and this proves that the spreading out of the rock waste, which is gener- 
ally perfectly dry, is brought about by its own movement and not 
through the transporting agency of running water. 

Analogous phenomena have often been described"; they are peculiar 
to the semi-arid regions and are most pronounced in those parts that have 
gentle average slopes. They also occur on steeper slopes if, for any 
reason, considerable quantities of loose material have accumulated on 
them. Then they frequently move away in the form of those striking 
broadly corrugated rock streams which have been observed in the ‘Tien 
Shan and elsewhere, and are familiar as a consequence of landslides, 
and more particularly of slumping™*, But, on the other hand, for desert 
areas, little attention has yet been paid to the mass-movement described 
—of dry material—although such processes are of the greatest impor- 
tance as regards denudation in arid regions. Still, they have been by no 
means entirely overlooked. Mention may be made here of the tremen- 
dous development of rock waste found in the driest parts of Persia ex- 
tending as far as the Pamirs, as well as in ‘Tibet and Turkestan, about 
which numbers of scattered reports are available. The typical way in 
which dry material everywhere accumulates on the lower parts of the 
slopes, the size of grain decreasing from above downwards, has been 
frequently mentioned and shown in iltustrations'™”, Both these facts im- 
ply that a migration by mass-movement takes place also in these vast 
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‘areas where saturation by water practically never occurs. It 1s just the 
same for the extensive gravelly deserts, the serir of the Sahara, of South 
Africa, of south-east Iran, etce., the surface of which is covered by 
rounded fragments of rock. BR. Gradmann says truly of them that they 
could hardly have been formed in a ‘pluvial period’ since they are never 
found where there is.a rainy climate™*. They vividly call to mind the 
wide-stretched gravel flats of the Atacama Desert; and this appearance 
of coarse deposits is reproduced wherever differential wind action has 
removed its fine components from the surface of transported insolation 
detritus. On many serir plains the spreading out of the rock waste may 
be due to movement of the reduced material itself. "This seems probable 
from the undulating form of the country which Sven Hedin found in 
Baluchistan and Cl. Lebling on the plateau of the Libyan Desert. The 
flattish swales are not entirely without fragments of waste; and in the 
valleys, which are just-as flat, there are mo traces of water ever having 
flowed there or of its Aowing occasionally nowadays’. In some places 
residuals of the parent rock (siliceous limestone and Miocene beds nch 
‘in pebbles) still push up through the Libyan serir. If, as Cl, Lebling 
imagines, this had been produced by deflation and demolition by the 
wind, the rubbly material of the serir below the surface rock pavement 
could not—as has been found to be the case—consist of a mixture with 
sand in it, for the fine components would have been already carried away 
by the wind’s work of reduction. Considered from the point of view of 
the character of the grains, the composition of the Libyan detritus is 
certainly that of insolation rubble; and in Libya, too, a distinction must 
be made between reduction by msolation, the spreading out of the 
mobile rubble on very gentle slopes, and the armoured coating due to 
wind action which removes the fine particles from the surface, leaving 
behind the coarse material. In Libya, aa in the Atacama Desert, the 
reservoir of sand is apparently inexhaustible—witness the dunes piled 
up in the great oasis depressions in the south. For, to begin with, fine 
particles are constantly created afresh at the surface, by the comminu- 
tion of reck fragments; and then, on account of the movement of the rock 
waste, they are always being worked upward again from the more deep- 
seated parts to the surface. : 

Finally, J, Walther, m reportng his observations on the deserts of 
Egypt and Ethiopia, shows quite clearly that what he had in mind was 
insolation rubble that had been transported’, "This short selection of 
observations has already shown that the slow downhill movement of 
insolation waste 14 a world-wide, general phenomenon taking place in all 
the dry regions af the earth, 
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Slumping Type of Landslide 

In moister climates, apart from movement within screes, which 1s not 
restricted to any climatic type, free mass-movement ts found primarily 
in slumping and related phenomena’, In this case, the movement is of 
materials containing some colloidal matter or rich in it, almost flowing 
when ina saturated condition. As with rock-slides, the begining of the 
movement is a slip from which in typical slumping, there develops 
aniche-like scar surrounded by planes of minimum cohesion, arranged 
in the form of an arc. But the material very easily disintegrates into its 
component parts; and then, it presents the picture of a pulpy mush, 
more or less viscous according to the degree of saturation, which moves 
slower or faster [us the case may be], and may assume the form of a mud- 
flow—for example, the ‘mud rushes’ of South Afneca, the ‘lame’ of 
Italy, ete. There must first be undercutting. In the majority of cases, the 
movement is released by an increase im weight due to saturation with 
water (but it may also be by carthquakes*"). "This saturation reaches a 
high degree in rocks that are rich in colloids, in those that are shattered, 
full of fissures or porous, and in those loosely bedded. Where such rocks 
compose comparatively large areas of the land surface, slumping 1s quite 
4 common event at times of saturation; and the grouping of such slips 
together with their frequent recurrence, may give a characteristic appear- 
ance to the whole landscape. The zones of flysch in the Alps, Car- 
pathians,; Dinarie Alps and Apennines, the molasse of the Alpine Fore- 
land, the zones of thick Pleistocene deposits in the Alps and elsewhere, 
the landscapes of the Keuper, Lower and Middle Jurassic beds and many 
other regions of a similar nature are tracts of land especially suited to 
slumping'™, Here the slumping is everywhere connected with the 
natural, undercut outcrops of the rocks concerned; landslip scars are 
found on the slopes, and deposits in the valleys, where running water 
gradually carries them away. 

A continuous cover of vegetation hinders the occurrence of slumping, 
It, accordingly, develops most freely in semi-humid regions where, 
over wide areas, the plant cover is enfeebled and the rainy season brings 
about a very thorough soaking'**, However, a continuous plant cover is 
no insuperable obstacle. [But] it affords only a confined space for material 
migrating beneath it; and so it becomes arched up and stretched at the 
places towards which great quantities of reduced material are moving 
and being dammed back (as occurs reguiarly towards the bottom of 
a slope). If such material arrives more quickly than the vegetation 1s 
growing, or if absorption of water increases the weight of the dammed-up 
material to any very considerable extent, the cover tears; and the accum- 
wlated material then flows out from the wound, "This type of slumping 
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frequently occurs in moist temperate regions, but its chief development 
is in the tropics, wherever the forest cover, besides being continuous, is 
also on very steep slopes. Here, beneath the plant cover, the slow migra- 
tion is carried on by sliding down, or better, flowing out—asince it 1s a 
matter of material which is usually already reduced, and in every case 
wet and actually flowing. The cover tears spontaneously under the pres- 
sure of the rock derivatives arriving from higher up. The slump leaves 
behind it an open wound in the forest, but this very soon heals over 
again. W. Behrmann described how these niches, tearing away in close 
proximity one after another, and always quickly healing again, lick up 
the steep forested slopes in New Guinea, and sharpen the crests as-soon 
as they have cut away up to these from neighbouring valleys. K. Sapper 
reports similar happenings in Central America; and it cannot be doubted 
that, on the steep slopes of tropical mountains, slumping—as has often 
been stressed—is the main factor of denudation since it acts with extra- 
ordinary intensity (rapidity)'**, Where slopes are less steeply inclined, 
stumping becomes less and less important, and the migration of material 
takes the form of a-slow creep, this also occurring beneath the cover of 
tropical vegetation, a phenomenon which must be discussed later’ 
[pp. 108 ff]. 

Wherever slumping occurs regularly, one can always notice specially 
uctive recession of the valley-heads towards the water partings, aa well as 
the above mentioned sharpening of the crests by upward ‘licking’ and 
by the intersection of niches. G. Braun has followed the phenomena in 
some detail in the northern Apennines. On account of continued sliding 
‘away, not only do the sharp ridges become lower, but the whole relief 
conditions of the country are lessened, provided that rivers are not 
simultaneously cutting down by the same amount as the intervalley 
divides are being lowered. On gentler slopes, slumping is no longer pos- 
sible in the same way; in particular, the movement cannot go on so 
rapidly. It does not, however, entirely cease. On the contrary, when 
thoroughly wet, material hegins moving even on quite gentle slopes. 
Thus in the shallow valleys of the Thracian peneplane round about 
Constantinople, the prowing accumulation of reduced material—which 
during the dry season forms a hard unmobile massa, more or less full of 
stones—can in winter be seen flowing down out of the valleys. The sod, 
with its sparse covering of grass, tears; and pieces of it take part in build- 
ing up the corrugations, caused by the movement, which run at right 
angles to the steeply inclined valley bottom; or they simply float on the 
material which, in the less steeply sloping minor valleys, moves at a cor- 
respondingly s slower pace’™", Mutual attrition is unmistakable, rounding 
off the comers of the rock fragments bome along, Because of this and 
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material is often reminiscent of boulder clay; and this even led T. English 
to believe in the influence of Pleistocene ice (and coastal ice at that!)!*". 

In addition to the dumping movement, this gradual flowing down- 
wards of reduced material, i.e. of rock that has become mobile and lies 
almost or quite freely exposed at the surface, Is the regularly occurring 
form of mass-movement in forested stretches of semi-humuid regions. 
Like the ‘lama’ of Italy, it continues the slumping on to very gentle 
slopes and brings about the further removal of what has been washed 
down into hollows and collected there. The part it plays in these regions 
cannot be overestimated, being almost equal to that of rainwash. Even 
on slopes where the inclination t noticeably lesa than 5", the wet masses 
are still in motion, as can be seen from the way in which they spread out 
over plains several kilometres wide, witha gradient of scarcely more than 
2° to 3° (eg. on the Thracian peneplane where there are usually no 
stream beds-at the heads of the valleys), This state of affairs again forces 
us to the conclusion that denudation by free mass-movement, of the 
kind described above, cannot come to an end before the mean slopes 
of the country have been reduced to an angle of inclination of less 
than 5”. 


Slumping at the Level of the Water Table 

On account of its great importance, this must be specially mentioned. 
It occurs when an impermeable water-bearing horizon is cut into, e.g- in 
the course of valley formation. Springs rise here and wash away the fine 
reduced material: or clayey horizons become highly mobile and slide 
away, or rush down. Thus conditions are on the whole similar to those 
for rock-slides; but the movement looks very much like slumping, and 
the material moved forward is generally confined within narrow limits. 
The feature is particularly widespread in regions of gently inclined sedi- 
ments with beds alternating in permeability or in their tendency towards 
mobility. 

The landslide scars are situated in the overlying rocks which have been 
passively borne forward, and they are steep-sided as is natural for their 
type of fracture. They unite to give a steep scarp which recedes more or 
leas: vigorously by continued sliding over the water-bearing honzon, 
leaving behind it 2 landscape to the modelling of which I. C. Russell has 
given the name of ‘landslide topography''™. Excellent examples are 
found in the scarplands of south-west Germany. Thus the Maim plat- 
form of the Heuberg is girdled round by scars due to slumping, and the 
vigorous retreat of the Malm scarp has led to the beheading of many 
valleys in their higher parts; so that they now run freely westward along 
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the strike, having already lost their dendritic headwaters (e.g. north of 
Dreifaltigkeitsberg). Other instances are the retreat of Vermilion Cliff 
along the Marble Canyon (Colorado Canyon area), the development 
undergone by the Pliocene scarp of Volterra, or the recession of certain 
stretches of the Channel coast of France’™, 

The bottom of the ground-water horizon may be inclined towards the 
outcrop below the scarp edge. Conditions are then more favourable for 
the occurrence of slumping in the direction of inclination of the water 
table than in any other, It is in this direction, therefore, that a sharply 
incised V, having once arisen by slips at the scarp edge, recedes most 
vigorously leaving a valley behind it. This process has been followed 
pretty closely in the fine-grained deposits filling the troughs between 
mountain ranges in north-west Argentina’, It is developed to a great 
extent in the Neogene districts of south-east Europe and Asia Minor, 
beginning at the eastern margin of the Alps, where the late Tertiary beds, 
generally flat, cover an extremely hummocky ancient land surface. 
Within the Neogene there are varying levels of the water-bearing 
horizons: the most constant lies at its base and ts associated with the 
upper surface of the buried landscape, especially with its valley tracks. 
Where this lowest water level has been cut into by a river, what most 
frequently happens is that the springs work hack up these old valley 
tracks and expose them again, whether by slumping connected with the 
outcrop of the water table or merely by a continuous collapse above the 
springs which are gradually but continually washing out the fine com- 
ponents of the rock. Under certain conditions it is possible for the easily 
denuded Neogene to be carried away from a wide area without there 
being at the same time any noticeable destruction or change. For those 
parts of the old land surface which have been laid bare, F. Schaffer has 
pointed out such relationships in the district of Eggenburg near Vienna, 
and the writer has recorded similar casea in western Asia Minor!44, J, 
Sélch suggests for this the name “hasernent stripping’**"*. It is only pos- 
sible when, first, the resistance of the substructure and that of the super- 
structure are very different; and secondly, when the main rivers, from 
which basement stripping starts, do not erode downwards so vigorously 
as to sink rapidly below the surface of the substratum. | 


Solifuction 
Ln higher latitudes where the forest vegetation becomes less impor- 
tant, and finally vanishes, it is the exceptional soaking of the ground at 
the time of anow-melt which brings about migration of accumulated 
masses of waste, even when this consists of loose rock fragments very 
* Girndanfdechuny. 
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poor in colloidal constituents, and that on very gentle slopes, too™®, 
This process of denudation is probably general in the higher latitudes on 
those slopes that are not yery steep, and have ceased to be rocky. Where 
slopes are steeper, the movement becomes so vigorous that the grass 
cover and even the sparse remains of forest are nipped up and pushed 
together. ‘This is the ‘flowing soil’ of polar regions, better ‘Howing rock 
waste’, or solifiuction, as J. G. Andersson terms it'*’. 

According to. B. Higbom and J. Frédin, the reason for this thorough 
wetting of the debris is that, during the thaw, the lower parts of the soil 
remain frozen for a long time, or permanently (the tjaele of the Swedes), 
so that the melt-water cannot sink in, and it is merely the upper layers 
of soil that receive any benefit from it. These, having reached a high 
devree of saturation, move down, they flow (just as in semi-arid regions), 
and it is only when the thaw lasts rather a long time that the movement 
reaches down toa greater depth, The tjaele never forms a level plain, but 
is irregularly shaped. Beneath patches of snow and of vegetation its 
upper surface is lower than where snow is absent; in the former case the 
moving mass of rock waste is thicker, and the water distributed through 
a greater space than in the latter. "The material flowing off ts thus 
dammed up at the places which are not free from snow or are plant 
covered, In the latter, it is also because the turf, at least when the season 
of movement begins, is still rooted in the tjaele*". Those places where the 
movement is more vigorous are unfavourable to the settlement of plants. 
Green islands of vegetation in the rubble lands of polar regions indicate 
tones where the soil covering is thinner, or where the movement has 
been slowed down. 'They do not prove its absence, 

Frost undoubtedly plays an important part in the movements, but its 
action has not yet been entirely explained'*", In any case, and especially 
on gentle slopes, the fluctuations in volume connected with freezing 
and thawing help to keep the movement going. Solifluction is not at 
all unusual where slopes are inclined at scarcely more than 3°. The 
stream-like arrangement of the material in wide streamless valleys of 
exceedingly small gradient again forces on us the conclusion that, in the 
polar regions and their marginal zones, denudation brought about by 
aolifluction and related processes cannot come to an end before the mean 
slopes of the land have been reduced to less than 5* inclination. 

It is, from the nature of the case, necessary that the flowing rock waste 
should collect into streams. And 1 think it probable that the polar 
Streams of waste have also, to a great extent, themselves created their 
beds, the waterless valleys which they fill. It is also true for high latitudes 
that the transported debris becomes arranged in strands of movement 
that unite asymptotically’; here also it accumulates to a great thickness 
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and works like a [carpenter's] heavy piane as 1t moves along over its sub- 

‘The transported waste is a mixture of rock fragments of all sizes, with 
some of its components fine-grained and with a clayey admixture. But 
the fine elements, the matrix which furthers movement and reduces 
friction, are often more or less washed away so that the coarser pieces 
accumulate at the surface. If rocks from the source of supply show a 
tendency to break up into coarse blocks, then one block comes to lie 
upon another and the material presents the appearance of a block stream 
[stone river]. ‘There is thus an outward resemblance between polar block 
streams and the seas of blocks found in temperate latitudes. 

On the Falkland Islands, early Palaeozoic quartzites furnish coarse 
angular blocks. In the flat bottoms of the valleys where the material lies 
as well-defined streams, the fine matrix has been removed in parts, 
though by no means everywhere, and one can hear water trickling deep 
down below the blocks, This and the growth of vegetation on those aur- 
face strips which retain some of the matrix, explain why those streams 
were considered to be fossil formations. of the Pleistocene period, im- 
mobile at the present day- "The arguments are not convincing. 

B. Hégbom showed that occasionally individual blocks in the flowing 
debris migrate more quickly than this itself; they plough it up, as tt were, 
arranging themselves in strips and uniting to form block streams that 
float passively downwards.on a moving substratum. What matters, there- 
fore, 1s the suhstratum., That also is exposed at one place in the Falkland 
Islands—on the coast where a ‘stone river’ rests upon a recently up- 
lifted underlying stratum and shares in the formation of the cliff. This 
situation was considered a further proof for the fossil character of the 
‘stone rivers’; but incorrectly. For the profile, as described and ilus- 
trated by J. G. Andersson"®* merely shows that, at that place, uplift 
and wave action have had a greater effect than denudation upon the 
rocky floor of the ‘stone rivet’. Its lower layer consists of a loam inter- 
larded with stones. It is extremely improbable that this would not, if it 
were saturated, move along an inclined substratum. But if it moves, so 
also does the overlying zone of blocks. The general movement is cer- 
tainly very slow and the material tumbles very gradually over the cliff. 
There it further suffers the same fate os those fragments which the 
breakers tear off directly or which fall down after undercutting. ‘The 
‘stone rivers’ will always end above the cliff. | 

Solifluction is taking place im the Falklands even nowadays, It has 
been observed wherever a quicker How makes the movement more easily 
recognisable; e.g. in the tributaries of the wide shallow valleys, though 
their slopes may scarcely attain 10°. Thus at the present day climatic 


FREE MASS-MOVEMENT: SOLIFLUCTION 107 


and other conditions are favourable to mass-movement. In the very 
much flatter valley bottams, the movement of the main streams {s not 
noticeable and has certainly been always extraordinarily delayed. Not 
only does the waste material coalesce in these valleys, but water collects 
there, too. Thus ite action must be far more energetic here than on the 
slopes of the catchment basin. Washing away of the packing maternal 
and accumulation of the blocks is the natural consequence. Tis és ewity 
the ‘stone rivers’ are to be found just in the valley bottoms. This arrange- 
ment does not prove that the whole formation is fossil; but it shows that 
in the valley bottoms the relationship between the quantities of fine- 
grained components and of water is different from that on the valley 
flanks. On the flanks, the smaller quantities of water are completely ab- 
sorbed by the waste, swallowed as it were, and in such a state of satura- 
tion it flows as a whole (mass-movement). In the valley bottoms there is an 
excess of water which simply sweeps away the transportable maternal 
(mass-transport), This naturally applies in the first place to the fine and 
very fine components of the stream of rock waste, sitice water, whatever 
its quantity, cannot transport large blocks along small gradients. It is not 
easy to envisage why this should be the case only at the present day, and 
not equally so m the past. The Pleistocene climate, in particular, could 
not have had this effect. In the Falklands it furnished greater quantities 
of melt-water; and though this would have led to the ‘Howing’ of the 
‘stone rivers’ in their valleys, it would also have produced an even 
preater washing out of the ‘packing’ than is to be observed there at the 
present day. 

Undoubtedly, the process forming ‘mass-streams’ in the Falklands, 
like that producing many similar phenomena in other parts of the world, 
goes back to the Pleistocene period and probably much further still. But 
the conclusion that they are not continuing to develop at the present day, 
over the whole of their extent, and in the same direction as during the 
Pleistocene period, is not justifiable either on the grounds that the main 
streams are depleted of their fine-grained packing material, or because 
of their apparent lack of movement—and maybe even measurements 
extending over several decades would give no proof one way or the 
other. 

Solifluction, which takes place over a frozen subsoil, is nowadays con- 
fined to high latitudes, Without any line of demarcation, it passes into 
‘flowing rock-waste’ which, in regions where the annual temperature is 
higher, goes on without the aid of frost, or of tjaele; it is more apt to 
flow and does so more easily, the greater the proportion of colloidal 
matter; and above all, wherever there is a sufficiently thorough soaking 
of the exposed detritus. It must have been the application of the term 


108 MASS-MOVEMENT 


‘solifluction’ to all these forms of movement of rock waste which led B. 
Hogbom to consider it-as.a process spreading far beyond the polar zone 
and its marginal districts'*, 

During the Pleistocene displacement of the climatic zones, the area of 
polar solifluction was extended equatorwards. The assumption that 
traces of it had been preserved intact in the temperate region right up to 
the present day, is based on the occurrence of similar phenomena and 
forms of movement in our own latitudes. They had been considered 
peculiar to the polar zone. That this is incorrect has been shown for the 
‘sean of blocks found in the German Highlands (p.66); and it is evident 
from the facr that analogous free mass-movement is encountered im 
nearly all climatic regions. 

All that can be established is that such block seas, as well as the debris 
covering the slopes of temperate regions, may have originated in part 
during « not very distant ice age or [even] earlier, and may then have 
left its place of formation; but we cannot say that the formation or the 
downward movement has since suffered any interruption. 


(8) Bound-down Mass- Movement 

This is the prevailing form taken by sheet denudation in districts with 
a continuous cover of vegetation, This latter by no means always 
possesses the tenacity necessary to bind the migrating material. If, in 
consequence of comparatively quick movement towards any one piace, 
accumulation occurs there, the strained plant cover tears as soon aa the 
weight of the downward-pushing material attains a certain value, The 
weaker turf covering gives way to this pressure more easily than where 
there is continuous forest. On flattish slopes, therefore, it tears sooner 
than the ground under trees, These relationships are brought out by 
comparing landslides (shamping) in forested country of the temperate 
zone with those in open land; or by comparing the slumping not asso- 
ciated with undercutting, which constantly recurs in mountain regions 
covered by tropical forest, with the mass-movement of semi-humid and 
sub-polar regions where the feeble or weakened vegetation cover js un- 
able to stop free flow even on a small gradient. 

Damming-up material covered by vegetation, especially when this js 
forest, so that the cover is arched up on the lower parts of the slope 
(without necessarily tearing), implies an accumulation of material: and 
this, in its turn, implies movement of rock derivatives to that place. This 
sum total of features is sufficient to prove that reduced material does 
migrate even under continuous forest (see p, So), 

G. Gitzinger was the first to make detailed investigations on the sub- 
surface migration of slope waste, Adopting the English mode of expres- 
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sion, he introduced the word ‘kreichen’—cteep—for the movement, and 
"Gekreich’ for the material that has moved!**, he movement is very 
slow, but can be meastired as it influences the growth of trees. The roct 
system of these is anchored in the deeper horizons which move more 
slowly, or in the living rock itself, whilst the quicker moving superficial 
layer presses the upper parts of the root system downslope. ‘This rotation 
couple makes the trees oblique at the base, while the trunks as a whole 
tend to grow vertically upwards. Thus they show curvature, convex on 
the downslope side. ‘This is called stilt effect, In exceptional cases it is 
also found on nearly level ground. But this does not prove—as has some- 
times been suggested—that the stilt effect was unconnected with soil 
movements and that it does not indicate these on the steeper slopes 
where it regularly occurs. It merely proves that material is still moving 
even when spread out almost flat. [ts-upper layers move more quickly 
than the lower ones, which may even not move at all. 

There is a further series of facts which (in addition to those mentioned 
on p. 85), show convincingly that material beneath the vegetation 
cover moves downward, even on slopes of very small gradient. 5. 
Passarge pointed out that, in the flat alluvial meadows of our latitudes, 
the soil shifts towards the beds of the watercourses'**; and K. Sapper 
established the fact that the turf thus carried forward by the migrating 
axl is always being undermined and torn off at the edges of the river 
beds. He called this process ‘turf peeling’™*. For years the author has 
been systematically observing such features. [t has become evident that 
they are very widespread. On any valley floor, however wide and flat, 
whether wooded or grassy, the accumulated material pushes towards the 
line of lowest level. Should a permanent stream be there, the tendency is 
to close its bed. This may be expressed in the following way: The vegeta- 
tion cover—prass or woodland—is undercut by the wash of the water; it 
overhangs, until finally pieces tear off, and fall tnto the channel of the 
streamlet. ‘This happens not only on the undercut side of meanders, 
where naturally it is particularly well developed, without having any 
direct significance as regards soil movement. It also occurs simul- 
taneously along both banks of fairly straight reaches. ‘The streams under- 
cut their edges, without thereby becoming wider; which means that they 
are occupied in keeping their beds open. Every possible stage is found 
depending on the relationship between the varying intensity of mass- 
transport by running water and the amount of material coming down 
from the sides. Scarcely any of the valley-heads on, for example, the 
peneplanes and Aattish country of the Central German Rise shows. a 
trace of stream-bed with either permanent or intermittently flowing 
water, Such depressions, normally wide troughs but often narrow 
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gutters, are usually marshy even when the gradient is not particularly 
gentle, Drainage ditches cut in the reduced rock material, always thickly 
accumulated there, have to be renewed from time to time: for the water 
itself ts. unable to keep its channel open whether, as befits the gradient, it 
is flowing lazily or in lively fashion, Under certain conditions, rain or 
melt-water as it flows off is able to dig natural channels in the accum- 
ulated material; but these do not persist. The larger streamlcts have no 
trouble in keeping their paths open, They cut right through what has 
become heaped up on the valley floor, and—depending upon their size 
and the gradient—may even attack the substratum, Watercourses seen 
to be eroding vigorously are not free from the features under discussion; 
but there one cannot distinguish the share taken by spontaneous mass- 
movement from that due to undercutting. Only this much is certain: the 
latter must be preceded by the former. Undercutting may locally accel- 
erate the migration of detritus; but what it cuts away is fed from rock 
derivatives spontaneously moving to that place from further away, 

The fact of subsurface migration of material, even on very gentle 
slopes, shown by the observations mentioned above, will be brought out 
even more clearly when mass-streaming is discussed in a later section. [t 
will be shown that even when going on beneath a cover of vegetation, 
denudation does not come to an end so long as the average slope of the 
land exceeds a minimum value, which is always more than 0°, but less 
than 5°. The features we have been considering show further that what 
migrates from the yalley sides and collects at the foot does not stay 
there permanently, even if running water does not remove it. The down- 
ward movement occurring on the steeper slopes is continued by further 
migration on the rather flat and very flat slopes that follow below. The 
material, usually in a more intensely reduced form, is finally brought te 
the watercourse even if its bed lies at some distance from the bottom of 
the valley slopes. The mass-movement observed over the valley floor 
takes place in the zone of water accumulation or even where there is 
actually a flow of ground water. It ts therefore not surprising to find that 
there the rate of movement increases to noticeable amounts in spite of 
the amall gradient. 

Bound-down movement is no peculiarity of temperate latitudes, but 
seems to occur all over the earth wherever a continucus cover of vegeta- 
tion ia spread over the slopes. Indications of its occurrence have already 
been mentioned (p. 109). Since Giitzinger’s researches drew attention to 
this phenomenon, a considerable amount of evidence has been collected 
both from the tropics and from the semi-humid regions!5*. 


MOVEMENT WHERE MATERIAL [5S ACCUMULATING III 


(y) Corrasion and Corraston Valleys 

Just as rock fragments are worn down (attrition) where the material is 
moving freely, so are those in the detritus which is moving underneath 
vegetation, ‘They become rounded at the edges and sometimes scratched, 
This, and the absence of [any bedding or other] directional planes, occa- 
sionally causes the material to resemble moraines, a feature of conver- 
gence which led to their being formerly mistaken for Pleistocene 
moraines!**, Besides reduction, which is greater the longer the time of 
exposure, so that the components of the rock waste become smaller and 
smaller, attrition’ also increases with the length of the route travelled. 
Thus the talus of uniformly inclined slopes usually shows a finer grain 
at the lower parts of the slope than higher up. 

The mechanical action on the underlying rock, caused by material 
moving over it, is very marked. It is most easily recognised in the hooked 
effect, the downward bending of layers of bedding and cleavage which 
are inclined more steeply than the slope of the surface, Mere weight 
cannot bring about this phenomenon, as each upper edge is under- 
pinned and supported by the one below it. "The hooked effect is pro- 
duced by weights that have been moving. It thus informs us in a direct 
way of the movement of the reduced material. The nature of the mech- 
anical action on the rocky substratum can also be traced; from the resis~ 
tant upper edges, which project over their neighbours, long streamers of 
pressed-off pieces trail down the slope and only at some distance from 
their place of origin do they merge into detritus which shows no direc- 
tional trend in its arrangement. The action is not a scouring or polishing, 
such as occurs under rapidly moving material, but a pressing-off and chisel- 
ling-off of rock fragments which have been partly loosened from their 
union with the solid rock, but have not been sufficiently reduced to be 
able to migrate spontaneously. In parts, however, they are still firmly 
connected to their surroundings and, for example, by the way in which 
they project from them, offer a surface of attack to the downward preas- 
ing material as it is moving along. 

The mechanical action on a uniformly inclined substratum increases 
with the weight of the material moving over it. Other things being equal, 
the extent of the mechanical action on the subsoil increases downslope 
in the direction in which the talus is accumulating. As the thickness of 
the moving soil cover diminishes, it is noticeable that the phenomena 
described become less marked, They are especially conspicuous in dry 
valleys. The rock exposures are here buried beneath a soil cover thicker 
than in any part of the bordering slopes, towards which its thickness 
decreases, The bottom is never smooth. Even in absolutely homo- 
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geneous rock material, it is full of pockets and pot-holes, like those in a 
river bed. Lumps of rubble are pressed into the pockets; and, where the 
rock fragments are flatter in shape, they are pushed over one another, in 
the direction of movement, like tiles on a roof. Such pockets, hollowed 
out, and with their walls smoothed, can be observed on the steeper 
slopes; and there it ts posaible to recognise not only foreign matter fram 
above, but also pieces taken from the pocket itself, often still connected 
with the solid rock. ‘The pockets are not just holes where weathernng has 
gone down deeper than in the surrounding parts; but material must have 
been removed from them since foreign matter has entered in its place. 
We are giving the namie corrasion to this freeing of loosened rock frap- 
ments from their place of origin, which they are unable to leave spon- 
taneously when they lie beneath a thick covering (p.54), this pressing-off 
and prizing away of pieces of rock that are slightly or not at all loosened, 
and their removal by the material moving over them. The force and 
violence of its character distinguishes it physically from the spontaneous 
downward movement of rock particles which begins on an inclined sub- 
stratum only when there has been an adequate amount of rock reduction 
(pp. 64, 65), In the one case (spontaneous movement), the force which 
leads to the removal of the small pieces of rock from their place of origin 
ia determined by the gravity component (gradient) and the mass of the 
solid body concerned. The result is to expose a fresh surface of rock: and 
this as the essential feature of denudation. In the other case (corrasion), 
besides the downward pull appropriate to each particular little bit of 
rock, the pieces are subjected to the very much greater force of the 
material moving over them, a force, moreover, which is independent of 
their own mass. With corrasion, too, ever fresh rock surfaces are being 
laid bare and exposed to the forces operating (reduction and corrasion). 
Thus denudation and corrasion both bring about a renewal of exposure: 
but, other things being equal, at a-different rate. Denudation, for ex- 
ample, can work only as quickly as mobile material can be made readv 
by the process of reduction; corraston, on the other hand, acts more 
quickly. From this it follows that the removal of material beneath corrading 
masset is more active, more intense, than under those which are not cor- 
rading. Should the corrading material unite into streams, the effect due 
te increase of weight (mentioned above) comes into play. ‘This means 
that the substratum is acted upon more powerfully, that js, corrasion is 
intensified. Now, increased denudation beneath a corrading ‘mass- 
stream must excavate its substratum into an elongated hollow, dig a 
furrow. 1 should like to propose the term corrasion valleys for valleys 
with such an origin. ‘['wo types occur, connected by intermediate forms: 
(1) wide, shallow valicys, trough-like in cross section, their floors gradu- 
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ally passing into gentle side-slopes and having but a slight gradient; (2) 
narrower trenches with a steeper gradient and the floor more definitely 
marked off. In every case this contains a recognisable mass-stream. The 
valley bottoms never show any sign of a stream bed or anything like it. 
Since these furrows, which are often united as branching systems, have 
no erosional history, they stand at one end of a long series of features, at 
the other end of which is the pure erosion valley, the gorge. 

Wide, shallow trough-valleys, having as a rule no stream bed, are the 
characteristic form found on peneplanes and landscapes of gentle aver- 
age gradient all over the world. It is only in the wet tropics that no 
observations have yet been made on theni—or rather, they have not been 
noticed. They are best developed and best known in arid and semi-arid 
regions (p. 97). They appear to be present in the polar zone (p. 105); and 
[ have also found corresponding features in the semi-humid regions, but 
only where the country is very flat, probably because only there is rain- 
wash unable to cope with the accumulation of rock waste (p. 102). But 
even there, as for example in the extremely shallow valleys of the Thra- 
clin peneplanes around the Bosporus, furrows due to water, trickling in 
tiny rills, are not entirely lacking™*. They have occasionally cut through 
accumulations of soil often several metres thick, and their bottoms show 
corrasion features of the kind described alvove. In those regions where 
rainwash is dominant, conditions aré not very favourable to accumula- 
tion of the products of rock reduction, and the joining of such material 
to form "streams"; for there is a close-meshed dissection of the slopes, and 
usually thorough removal of reduced material even from the collecting 
furrows. For every case in which observations have been made on the 
flattish valleys that are being discussed here, it has been found that they 
are marked by a consistent form (independent of the climate), by the 
complete absence of any indication of beds containing running water, 
and by the extraordinary accurnulation of reduced rock waste on their 
floors, This material very often shows the stream-form considered above, 
or its flow has been directly established. Whether, however, such fur- 
rows ure, or are not, the exchisive work of corrasion, ts quite another 
question, 

Analogous valley troughs und furrows are met with in temperate 
regions, chiefly near the heads of valleys formed by erosion, and are of 
regular occurrence when these lie in flattish country (pp. 109). Refer- 
ting to conditions on the scarpland peneplanes, H. Schmitthenner re- 
lates their origin to the joint work of trickling water and mass-move- 
ment. He points te the instability of such furrowings in the valleys which 
he calls ‘dells'* They are immediately closed up again by material 

**Dellen’, 
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taking the place of what has gone, and in that way mass-migration is 
accelerated!*’, However, the deepening of those valleys cannot well be 
attributed to trickling water, just as the lowering of the enclosing ridges 
cannot he put down to rainwash; for in our latitudes, in any case, the 
continuous cover of vegetation reduces the effectiveness of rainwash to a 
minimum. ‘Thus water channels develop only ut specially favoured 
places, and have particular difficulty in establishing themselves on the 
floors of the above-mentioned valleys. With us, these are. usuully 
meadowland. Agriculture avoids them, since most of the ground is 
marshy. Swampiness is the direct result of the accumulation of the 
detritul material. This becomes saturated with water which it retains 
long after the wet season; for seepage water collects in these valleys from 
all the tributary slopes, and the smallness of the gradient is particularly 
favourable to infiltration at the expense of the surface run off. But the 
game can also be observed in the steeper furrows. Their swampiness, 
revealed by the vegetation, is made possible only by the high capacity 
for moisture which the accumulated material possesses, Where there are 
«xposures of rock, and fortunately these are not entirely absent, cither 
here or in the flat trough-like valleys, the thickness of the soil covering is 
shown, And there is no artificial cut through these accumulations which 
does not show, excellently, features due to corrasion, ‘Thus, if water 
should run off along trough valleys which are nowadays without stream- 
beds, and wong the branching systems of ‘dells’ (which by the way are 
only in part tric corrasion valleys, having in most cases a history ot 
water erosion), it digs a furrow, which scratches into the accumulated 
waste and not into the rock floor. Any possibility of trenching the latter 
has thus to a great extent been removed. In the forest, conditions are 
different in many ways. Water channels are more frequently to be found, 
and indeed under circumstances where these would not be present in 
the open country. Obviously this is because turf forms a much more con- 
nnUoUs armour-plating over which whatever water has not seeped away 
runs off without being able to do much cutting down; whilst in the 
forest the upper parts of the ground are not always protected and made 
firm by low-growing vegetation, Therefore any water that has not seeped 
away finds here, between the individual trees, more opportunities for 
mechanical attack***, 

As regards water content, the ‘mass-streams’ of our latitudes, as well 
as of any regions where the ground is at least sometimes richly supplied 
with water, are extraordinarily well-favoured. ‘They receive practically 
all the water that falls on the slopes leading to their beds, both what sinks 
in and what flows off over the surface. It is therefore not specially re- 
markable to find that in streamless valleys several kilometres long, the 
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material spreads out to.a hardly noticeable surface gradient, and that its 
composition occasionally shows that it has travelled a long distance. 
Where these valleys (as in their uppermost ramifications) do not all the 
time reach into the ground water, this long continued motstening of the 
substratum means, in addition, an intensification of weathering: in unit 
time more rock material is loosened and disintegrated here than in the 
surrounding parts. In this way denudation and corrasion are encouraged, 
specially favourable conditions are created for trenching the rock floor 
and even more for headward extension of the furrow, This especially 
applies to the steeper narrower furrows, in the bottoms of which material 
sometimes accumulates to a depth of several metres, In spite of a con- 
siderable gradient there is swampiness with no sign of a stream bed. 

They may be considered pure corrasion valleys. On steeper slopes they 
look like the beginnings of V-shaped valley-cuts, and here they often 
occur in groups, as on the slopes of the lower scarps of the [German] 
Scarpland region, or on the flanks of moderately trenched erosion valleys 
of the type found in the Saale valley above Hof, 'The comparatively steep 
gradient leads one to expect that during the wet season there will be 
perceptible motion of the material in them. This would be a good field 
for making measurements. 

Should a mass-stream graze a water-bearing horizon, an actual channel 
will appear. And from this, dry cracks, variable in their position, may 
now and then be seen reaching up-valley!**. 

The existence and action of linear corrasion is placed beyond doubt by 
the observations here submitted. It is this which has produced the ulti- 
mate and most recent streamless ramifications which, especially in the 
source regions, reach back from the valleys of gently sloping country. 
But by no means all streamless trough-shaped valleys of our latitudes 
can be considered the exclusive work of linear corrasion. Rather do the 
majority of trough-shaped valleys, both individual features and whole 
systems, give proof of erosion [by water], This is true even for those 
streamless ones characterised by a vast accumulation of reduced rock 
material on their floors, such as stamp their impress upon the summit 
landacapes of the German Highlands, the Scarpland peneplanes, ete. 
This will be treated in a later section [VII, 2). Interruption of [water-] 
erosion led to obliteration hy the migrating material of any direct traces 
of it, and it is to the action of this muterial alone that the further develop- 
ment must be ascribed. Resides trenching, yet to be proved, working in 
the direction of the uppermost ramifications, it is also necessary to take 
into account the headward lengthening of these, and the formatian of 
new shorter tributary furrows. /t ts these which are the corrasion walleys. 

A further member of this series of phenomena is the wide trough- 
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shaped valley, with a stream meandering along its floor, entrenched in 
the vast mass of accumulated material, but not in its substratum. Up- 
valley, such troughs pass over into valleys with no stream-beds, and 
quite gradually into corrasion valleys (e.g. Upper Main region, south- 
west German Scarplands, especially the Wérnitz valley above Dinkels- 
babi, and the Tauber valley with all its ramifications, etc, above 
Rothenburg), Down-valley, river action has definitely set in, as can be 
seen from the appeararice of water-transported material, and the occur- 
rence of steeper sections of the slopes, The gradient becomes steeper, 
and the valley flanks close in, becoming steeper and higher. 

Examination of the material on the floor of these upper courses shows 
‘an accumulation of unknown thickness, consisting of colloidal end- 

oducts, undecomposed residues and tiny pieces of rock, but no 
pebbles. The same occurs on the valley flanks, still showing considerable 
thickness, yet thinning upwards; there are more pieces of rock, amongst 
which pebbles are conspicuous, often well rounded (but not river- 
transported), Thus not even in the valley bottoms ia there any longer 
direct indication of previous erosion [by water], least of all in the beha- 
viour of the streams which share in the seasonal fluctuations of the water 
table, and when this is low, may run dry in the upper reaches. The ad- 
vance of the vegetation, from both sides, over the channel margins wit- 
nesses to mass-movement, as does the spreading out of the material to 
form almost level plains. It is naturally a help to its movement that this 
material, right at the lowest part of the valley, lies at the level of the 
ground water which is flowing slowly out of the valley, Since there are 
no features whatsoever of damming-up, such as are frequent in dry 
regions, We must assume that the whole mass moves-in the same direc- 
tion, and thus, in a certain sense, forms with the ground water a single 
gravitational stream, ‘I'he concourse of mass-streams of material coming 
together from all the slopes, is balanced by an equivalent removal, This 
removal, however, docs not generally begin till the running water be- 
comes more independent of fluctuations in the water table, j.c. at some 
place down-vulley. 

Becaute of all this, mass-rtreaming must be reckoned tcith, as playing a 
part in the shaping of valleys; and, within certain limits, even in temperate 
regions it acquires the significance of being an important factor in valley 
jarmation. | 

G. Gitzinger hat already published quite a number of observations on 
corrasion over the whole surface of slopes: Similar features are nearly 
always to be seen on the side walls (ic. in the profile) of natural sections 
in the lower-lying parts of the country, wherever these reach down to 
solid rock. It is found that the corrasion is associated with rocks which 
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are NOt Very resistant to weathering and on those easily atfected by 
mechanical action. 

Such results depend even more upon the inclination of the ground 
than upon the character of the rock and the weight [of the moving 
material] (p,111). Even under a thick cover, corrasion comes to an end on 
fairly steep slopes, since the pressure exerted by this material decreases 
with an increasing angle of inclination, 

Further, it has been observed that there is no corrasion in the case of 
the flattish slopes, covered with a thick layer of soil, which are found in 
the higher parts of the area. Only the upper horizons of the soil profile 
are sufficiently reduced to migrate from the place, the lower ones follow- 
ing suit when they have acquired the same degree of reduction. This is 
characteristic of the region of supply. It is only lower down that, where 
the inclination is suitable, there are signs of corrasion. These parts of the 
slope are not only a source of rock waste, but also a region over which 
material from above travels. Weight therefore increases, and capacity for 
mechanical work, right down to the foot of the slope. Gradient and rock 
being suitable, the most pronounced corrasion effects are found there, 

Recapitulating, it may be said that vegetation is unable to prevent the 
individual paths of moving particles of rock from uniting into strands of 
movement, and thus cannot prevent the formation of mass-streams 
(p.98). 

Further, there cannot be the slightest doubt, that today as at any other 
time, mass-movement is in progress on every slope. Solid matter is in- 
cessantly being conveyed to the water-courses, by its own movement if it 
has not previously reached them by processes which accelerate this, For 
the most part, this movement tukes place over the whole surface; but it 
also goes linear-fashion in mass-atreams. Such being the state of affairs, 
it cannot be maintained that the extra-glacial regions of Central Europe 
are not developing now in the same manner as they did formerly. In 
these parta, the Pleistocene fluctuation of climate could cause alteration 
In only two respects: 

(a) Migration of material, which may indeed have becn poorer in its 
colloidal content at that time, went on over the whole surface or along 
special lines at the same places aa now. But it was under polar conditions, 
freely, not bound down by vegetation, whether there was or waa not 
tjacle, just as can be seen in the higher latitudes at the present day. 

(6) There was a shift in the ratio between the amount of material 
brought down and that carried away by running water, as is proved by 
the occurrence of terraces in the larger valleys (though not im the head- 
water regions). This shift can be put down to increase in the amount of 
material arriving, or to lessening: of the water content of the streams, or 
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to both. So, for slopes outside the water-net, not even a change in the 
intensity of denudation during the Pleistocene period can be deduced, 
with any certainty, from terraces alone. 

‘There is much to refute the view, but not a single observed fact to 
support it, that the passing of Pleistocene conditions brought to any -un- 
glaciated area of denudation either an interruption in rock reduction and 
surface denudation or a change in direction of the latter ?™,. 


CHAPTER V 
CHARACTERISTICS OF DENUDATION 
1. RETROSPECT 
RELATIONSHIP TO CLIMATE 








he foregoing survey of observations on mass-movement confirms 

the tenet that it occurs in all climatic regions and on all slopes 
where the gradient exceeds a minimum. In all parts of the world, 
wherever slopes have more than a certain degree of steepness, individual 
loosened particles move away from the bare rock, This occurrence is toa 
large extent controlled by the vigour of the vegetation: other things being 
equal, such movement takes place in the tropics [only] on steeper slopes 
than in the temperate zone, and here again on slopes steeper than in 
regions where vegetation becomes sparse and finally absent, Below that 
Maximum steepness, cumulative migration takes place as either free or 
bound-down mass-movement, and this continues, as fine movements, on 
the very slightest gradients; therefore there ts no climatic region, from the 
equator to the margin of the ice caps, where sheet denudation can possibly 
come to an end, to long as the mean slopes of the land exceed that mumintum 
gradirnt. As a first approximation, a value below 5° and above 0° has been 
found. ‘The gradient of the slopes is always greater than that of the 
collecting furrows. 

Tits feature, common to all mass-movement, proves that il ts independent 
of climate, as had followed from our examination of the prerequintes for its 
occurrence (p. 71). It also proves that sheet denudation t1 not dependent upon 
élimate, As a matter of fact, areas of similar endogenetic development 
huve also, in all climatic zones, the same denudational forms. ‘This state 
of affairs has often been questioned’; but any doubt of it is far from 
according with the actual conditions as seen in every part of the world. 
ft follows universally and irrefutably from the fact that all processes of 
denudation are gravitational streams. The same land forms must meces- 
sarily develop in all climatic zones if the prerequisite conditions for deter- 
mining the pradients are the same. 11 has become clear that these pre- 
requisites are ultimately of an endogenctic nature™. ‘The part played by 
the character of the rock is of course only secondary, affecting details. 
Observation has, however, shown that under corresponding endogenctic 
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conditions similar forms of denudation appear in different climates af a 
different rate. The reason for this will be shown in a later section when 
treating of the relationships between climate and denudation along lines 
of permanent or intermittent rivers and rivulets. 
_ With change of climate, the prevailing type of weathering may shift 
from chemical to mechanical or vice versa; but the fact that the rock is 
being reduced, the one essential for denudation, remains unchanged, 
The composition of the migrating material may change, and the outward 
form of its movement, from bound-down to free, or in the reverse direc- 
tion; but the fact of its migration is not altered. With the disappearance 
of vegetation, slopes of critical angle may turn into bare frock precipices 
from which individual tiny pieces roll off to collect as scree: or, on the 
other-hand, rugged rocks when encroached upon by a plant covering may 
became the scene of bound-down mass-movement. But this change no 
more affects the steepness of the slopes than does their continued reduc- 
tion and denudation, On steep rock faces there is no change at all. 
On the other hand, apart of course from glaciation; a change of clima- 
tic conditions may lead to alteration in the reiationship between mass- 
movement and mass-transport, between conveyance of material to nin- 
ning water and its being carried away. This change must take place in the 
opposite sense in different parts of the earth, as indeed happened in the 
Pleistocene period. Visible transitory phenomena can, however, develop 
only at those critical places where the streams of reduced material, 
moving down all the land slopes, change their type of movement, ie. 
along the lines of permanent or intermittent rivers and rivulets. These 
phenomena, to be discussed later, seem as if they were an interruption 
in the prevailing conditions of denudation, without being so in reality. 
The fact that they link wp with the paths of water flowing over the sur- 
face shows what it is that has been altered: neither the continuance nor 
the direction of sheet denudation, but merely its quantitive ratio to the 
further transport of the material by water along a persistent linear path 
in just the same direction, ‘This may affect the result of its work in some 
other way, but cannot bring about any fundamental change in the forms 
of denudation. 





z. THE PRINCIPLE OF FLATTENING? 
All mass-movement has this in common, that it removes material 
from elevations and carries it to depressions. If these latter are not at the 
[* It seetns justifiable by common usaze to employ this ¢ m (ao W. Pence 
dines) for heagatlea and an angle of gradient, slthotigh muathernaticaily tt should be 
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reduced to the horizontal, ] course would occur were all gradients 
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same time deepened by an equivalent amount, the process effects a 
lowering of the elevations. This necessarily means diminution of gradient, 
flattening of the hill-slopes. In this case, on a given slope there comes 
into play, in successive time imtervals, movement of the same type and 
velocity as can be observed on neighbouring slopes, similar in their 
nature but different in steepness. Should deposition raise the level to- 
wards which the material is moving, this means an increase in the rate 
at which the gradient is diminishing and the flattening taking place. If, 
on the other hand, this level is relatively lowered, the given slope cannot 
simply become steeper; but (as will be shown later in some detail) new 
steeper declivitics appear which replace the former ones. No part of any 
surface on the earth, no matter how denudation works upon it, can ever 
thereby become as awhole steeper. It can only become flatter. The most 
inportant law obeyed during the development of denudational forms 13 tits 


principle of flattening. 


3. THE CONCEPTS DENUDATION, CORRASION, 
EROSION 

The removal of small pieces, loosened from the solid rock, creates new 
surfaces of attack for the destructive processes and so brings about 
renewal of exposure. This effect is independent of the type of mass-trans- 
port, whether it isspontanecous—mass-movement—or brought about bya 
moving medium. It is common to all processes of denudation, being the 
most direct result of any denudation at all, and the necessary condition 
for its. continuance. "Two essentially different processes aro concerned in 
this: transport of particles loosened by reduction, and forcible mech- 
anical separation of amall pieces from the parent rock, In the first case, 
renewal of exposure takes place at the same rate a4 the reduction: this is 
denudation. In the second instance, exposure is renewed more rapidly 
under the influence of moving material (p. 112). The processes working 
in such a way are designated ‘corrasion’ and ‘erosion’. 

There are some difficilties which are met when we try to distin- 
guish these two concepts from one another, especially as they are not used 
in a consistent manner'**, Physically different processes work together, 
each coming more or less prominently into the foreground according to 
the given circumstances, Thus quickly moving material polishes and 
scratches the rocky substratum. ‘This: is seen not only in the beds of nan- 
ning water and moving ice, but alse in the tracks of rapidly moving mass 
streams whether dry or wet. The process called ‘corrasion’ by A, 
Penck'*, is obviously related to the rate of motion. In addition, there is 
a tearing away, chiselling off, and pressing away of fragments, this being 
the chief method in the case of slowly moving material. It takes place 
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over the whole surface of slopes as well as along the lines of subaerial 

nass streams, of running water, and at the bottom of moving ice. Other 
things being equal, the intensity of this process increases with the weight 
of the moving material. For both kinds of mechanical action upon the 
substratum of solid rock, the conditions are best when the material is 
collected into streams; it concentrates the mechanical forces along 
specially favoured lines. If this concentration along lines of move- 
ment is the characteristic feature of erosion, the furrows deepened by 
subaerial mass-streams are erosion valleys, while the polishing of whole 
surfaces by ice not set in valleys, ¢.¢. ce sheets, ts corrasion, But such‘a 
definition of erosion is not satisfactory, since it does not bring out the 
significance-of the moving media, and it is the way in which these act 
that really decides how the denudation occurs and its intensity. In parti- 
cular, water, on account of being much more mobile, has a far greater 
tendency to adopt a linear course than has spontaneously moving solid 
matetial. For the same reason it is able to impart its motion, which is, 
other things being equal, far more rapid, to detached solid bodies. Not 
only does it in this way lead to their being removed more readily from 
their place of origin, but it also, in particular, increases their power of 
doing work, enhancing the mechanical action pon the rocky substra- 
‘tum, Thus, in contrast to the far slower mass-movement, polishing and 
scratching are nearly always in evidence. 

These differences are the determining factor in the development of 
denudational forms, the sculpturing of which depends upon the relation- 
ship between what is occurring on the surface of slopes and that along 
-water-courses. Bearing this in mind, erosion, as generally understood 
here, is the mechanical action upon w rocky substratum within the paths 
of moving media and brought about by them; corrasion denotes the ana- 
logous processes that come into play beneath material Migrating spon- 
tancously, unaffected by any moving medium. So we shall speak of 
erosion by wind, water and ice; and we shall not accept A. Grund's sug- 
gestion of extending the term corrasion to include the process of solution 
and its results, speaking of karst lands as corrasion landscapes!*8, 








4. CLASSIFICATION OF THE REGIONS 
OF DENUDATION 
Any particle, whether it be of water, ice or rock, adhering by its own 
weight to the surface of the earth, and on an inclined aubstratum, tends 
to move by the shortest possible route towards g near-by depression. 
To begin with, the particles are distributed all over the surface—falling 
rain or snow, and the rock derivatives that have everywhere been 
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loosened by reduction—and at first they move along over its whole ares. 
At certain places on the way, the paths of neighbouring particles unite to 
form strands of movement, as can be easily followed in the case of run- 
ning water and as has been shown to occur with cumulative masses of 
moving material. [hese form the starting points of streams which 
naturally become more and more clearly defined downslope, and tend to 
deepen their beds, Jn this way all the processes by which rock waste ws 
removed develop from sheet to linear processes, and then to definitely directed 
courses. With this their effectiveness changes. 

In the first place, transport of solid rock particles, whether spon- 
taneous or brought about by rainwash, can take place only when these 
are completely freed from the solid rock, and neyer faster than the rate 
of rock reduction. Such regions of pure denudation are found always on 
the upper parts of slopes. Lower down, the weight of moving material 
increases, as does the volume of water running off, so that in addition to 
the denuding action there is more and more corrasion, or erosion, as the 
case may be, As the water collects into definite streams, erosion be- 
comes more and more noticeable until it is unquestionably predominant, 
although there is not an entire absence of denudation. For rock is no 
tnore immune to reduction when in the bed of running or even trickling 
water or when beneath moving ice, than it is beneath a subaerial stream 
of moving rock waste. The material loosened, maybe at low water or any 
other period when there is slackening or a pause in the movement, is 
soon carried away. But the relationship of rock reduction to the two pro- 
cesses of corrasion and erosion is very different, The intensity of corra- 
sion can never exceed that of reduction to any considerable extent, since 
it depends essentially upon the preliminary work done by this, Erosion, 
however, can be so intense that no time whatever is left for rock reduc- 
tion to take effect. This is particularly true in the case of running water, and 
explains why it is so extraardinarily powerful as a sculpturing agent!" 

Consequently it is possible to separate places where denudation pre- 
dominates from those in which corrasion and erosion are more impor- 
tunt. Surfaces of slopes belong to the first group, incised furrows to the 
other. ‘Transitional forms link them, since in both cases rock reduction, 
transport, and mechanical attack on the rocky substratum are at work, 
Mechanical attack increases downslope and is dominant in the erosion 
furrows. ‘The zones of transition between the arcas of denudation and 
those of corrasion-crosion are found on the lower parts of slopes, espe- 
cially near valley heads, Down-vailey there 1s ever increasing concentra- 
tion of rock waste and of water along the paths of movement, streams 
develop, and the contrast becomes sharper between the lines of corrasion, 
or of erosion (as the case may be), and the tributary surfaces of denudation. 
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Even when water falls all over a surface, it is only exceptionally and 
for short stretches that it flows as a sheet. It soon divides up into a 
number of rills, So complete is this facility for moving along lines that 
the regions where corrasion prevails do pot entirely coincide with thoge 
of erosion, which stretch back beyond them into the zone where denuda- 
tion predominates. The sides of the érosion furrows that are there de- 
veloping form new surfaces of denudation, on which the run-off water 
once more finds the requisite conditions for erosive downcutting, etc. 
This dissection by valleys brings about further and further subdivision 
of the areas of denudation; and, other things being equal, this increases 
with the passage of time. The result, however, is not to contract the 
areas undergoing denudation, but to enlarge them; since for a piven area 
the number of inclined surfaces becomes greater. At the same time the 
network formed by the linear crosional tracks increases in size os it 
becomes more closely meshed; and so the sum total of rock surface 
affected by erosion is greater. Thus, provided there is no change in other 
conditions, it necessarily follows that, for a piven district, the total amount 
of denudation accomplished in unit time increases with ite subdivision (1.2. 
nith the increase of surface exposed to denudation). 

The rate at which this subdivision progresses depends upon pre- 
paratory work that differs somewhat in various regions. Continuous 
Vegetation impedes rainwash and incision by running water, confining 
this to places where the plant cover is less vigorous or interrupted. 
Therefore, in our latitudes, erosion furrows do not as a rule reach back 
to The uppermost parts of slopes nor to the extreme ramifications of the 
valleys. The'same holds for arid regions, where the precipitation is too 
slight or occurs too seldom for the erosional activity of munning water to 
have any lasting effect greater than that produced by mass-movement, 
In both cases there develops between the district where denudation is 
dominant and that where erosion prevails a zone of strongly marked 
corrasion, especially in the neighbourhood of valley heads (the zone of 
corrasion valleys), Its not so well developed if the vegetation is less 
vigorous or sparser, for then regularly recurring precipitation, even 
though scanty in amount, can act directly upon the bare soil, Semi- 
humid and semi-arid tands are the domain of rainwash and erosion hy 
running water; and, if the water from snow melt is included, so is the 
sub-polar zone. In such regions erosion furrows usually work right back 
to the valley heads and almost to the tops of slopes, unless infiltration is 
in excess of run-off, as in landscapes of very low relief. 
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;, BASE LEVELS OF EROSION AND 
OF DENUDATION 

Water can degrade only so long as it is flowing. When it ceases to flow, 
erosion of the land cannot continue, Thus an absolute lower limit 1s put 
to the removal of material by running water. This is the base level of 
erosion" *7, In regions sloping down continuously to the sea, this coincides 
with sea level; and in regions of inland drainage coincides with what are, 
for the time being, the lowest depressions of the land. Like all the ana- 
logous elements which control the downward movement of gravitational 
streams, the base level of crosion is not an actual surface, nor # point, 
certainly not a visible form, but it is @ level. 

The absolute base level of erosion, as defined above, is the ultimate 
but not the only level which regulates the work of running water. For the 
Neckar country, the behaviour of the absolute base level of erosion, the 
North Sea, seems to be of no consequence. The effect of its fluctuations 
reach scarcely as far upstream as the Rhine Rift Valley. What rivers do 
there is really determined by what is happening in the Rhenish Schieter- 
gebirge. Similarly, this work of rivers in the Neckar country is controlled 
not by the position of the absolute base level, but primarily by move- 
ments of the Odenwald block, and then next by those of the Rift Valley. 
The Danubian drainage system presents exactly the same picture. The 
relative rise of absolute base level at the Danube mouth is not the 
governing factor for the river's work where it breaks through the Banat 
Mountains; and its influence does not reach as far up as the Hungarian 
Plain, fet alone into the Alps. To take a further example, this time from 
an arid region, the Abaucan-Troya system in north-west Argentina’, 
which ends in the Bolson of Andalgalé. ‘The behaviour of this absolute 
base level of erosion has no direct influence upon the river's work in the 
reaches further upstream where it breaks through the mountains, nor in 
the depressions crossed by its middle and upper course (the Bolsons of 
Copacabana and Fiambald respectively), What happens in these depres- 
sions is of immediate importance only for rivers working on the sur- 
rounding slopes, and is not the only direct influence determining the 
behaviour of the Troya river which, coming from outside, breaks 
through these slopes. 

The controlling levels that regulate river action in the reaches tmmedtately 
upstream are associated with places where the streams leave a tectontcally 
uniform block, and enter an adjoining one thich has undergone some different 
movement, alvo due to endogenetic causes, These are the general or immediate 
hase levels of eraston. It is common for such levels to recur more than 
once in the course of large rivers of the type quoted above, and all are 
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ultimately able to work back to the headwater region, ‘Thus, considering 
the northern part of the Eastern Alps, the level of primary importance 
for water-courses is where the Alps meet their Foreland, which has been 
moved in a different fashion. The level of next importance ts that of the 
basin above the Danube's first transverse break through the Carpathians, 
near Pressburg [Bratislava]; then comes that of the break-through itself. 
However, repercussions of the Danube’s break through the Gran 

Esztergom]-Budapest zone of uplift are not felt as far upstream as the 
Alpine Foreland, but the depositional zone of the Schiittinseln [Velky¥ 
ostrov Zitny] lies between this and the break-through at Press- 





ot 


The only cases of coincidence between the immediate and the absolute 
base levels of erosion are where the slopes of tectonically uniform blocks 
drain directly to the absalute base level—as for instance on the southern 
sides of the Eastern Alps, the Maritime-Alps, the Ligurian Alps and the 
outer slopes of the Dinaric Alps, etc., or where the slopes surrounding 
basins of inland drainage do so. | 

The immediate base levels of erosion are, like the absolute ones, not 
fixed but fluctuate; they rise and fall in relation to the denudation areas 
above them. The causes of this and the repercussions on the work of 
rivers will be discussed in a later section. 

The prerequisite for any work by running water is the existence of a 
gradient; and so the general principle obtains that no part of a water- 
course can be permanently deepened below the level of the point next to 
it downstream, Thus each point is « base level of erosion not only for its 
adjoining point upstream, but for the whole reach of river upstream, and 
whatever happens to it will influence the whole course of events above. 
Among the infinite number of points connected in accordance with this 
law, points which, ranged together, make up the lines of the drainage 
net, some coincide with distinct levels which are termed Jocal Jase levels 
of eronon. ‘These are of two types. One kind is situated where amaller 
water-courses empty into larger ones, and they mark the level down to 
which—apart from the point of confluence itself—no part of the tribu- 
tary course can be deepened, far Jess sink below jt, These local base 
levels change, on the whole, in a vertical direction only: they sink rela 
tively to their surroundings so long as erosion js taking place, and they 
rise when deposition occurs. bier 

The second group of local base levels of erosion ia found within 

otherwise] uniform stretches of a river’s course and consiats of breaks of 
gradient, These levels separate sections with a steeper pradient from those 
above or below which possess a gentler slope. Associated with them is a 
fundamental change in the intensity of river action, They are not fixed 
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in position, but migrate upstream; and this, as well as their variety of 
origin must be considered in detail later. 

The base level of crosion is not some morphological element special, 
as it were, to running water; but all gravitational streams, streams the 
material of which adheres to the earth's surface by the force of gravity, have 
in the donward direction a fixed relationship to analogous leveis'**, The 
effectiveness of moving ice is also regulated by a base level of erosion at 
the place where the glaciers end. This is the lower limit of ablation, or 
the place where ice flowing into standing water or into the sea is lifted 
from its substratum. In such a case the base level of erosion for the ice is 
submarine, 

But more important than all, the course and the effects of mass-move- 
ment, which next to running water takes the lion’s share in shaping the 
land, are regulated by the existence of levels which correspond in their 
essential character and behaviour to the base levels of erosion, and may 
suitably be called dase levels of denudation. Surprisingly enough this fact 
has so far been completely overlooked. To clear our minds on the matter, 
it seemed desirable therefore to begin by considering what is already 
known about the relationships of base levels of erosion. 

The major fundamental fact is that any kind of denudation over a 
whole surface, by mass-movement or by rainwash, can take place only 
20 long as there is a gradient along which the rock derivatives can be 
moved away. It thus directly follows that no point of a slope can be 
deepened, ic, denuded, below the level of the actual point next below it. 
Each point of a slope is base level of denudation for the whole extent of 
the slope lying above it in the direction of the inclination, and its beha- 
viour determines the development of the inclined land surfaces above it, 
To take an example: Should there outcrop on a slope a zone of rock so 
resistant that compared to its surroundings of different material it is 
practically undenuded, this zone forms for all further development the 
level below which the slope cannot under any circumstances be denuded. 
It therefore always forms the foot of a slope which is constantly losing 
material, becoming denuded and consequently flattened. This resistant 
zone, with regard to which the flattening occurs, is the base level of 
denudation: and in the end it forms the lower margin of a slope with 
auch a small gradient that further denudation, whether by mass-move- 

The general base levels of denudation \ie at the place where mass-move- 
ment ends, and with it sheet denudation (including corrasion), This is 
along the lines of perennial or intermittent streams. As these do not 
mark out one level, but as infinite a number of levels as there are points 
composing them, the general base levels of denudation are systems of 
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curves, identical with the gradient curves of the water courses, Their rela- 
tive position changes with the development of the latter. When the 
absolute base level of erosion is fixed, and the water-courses on a station- 
ary block have adopted their final gradient curve, the general base levels 
of denudation also assume in each case a fixed, final position. They then 
form the lowest possible limit below which not only can no point of the 
tributary slopes be denuded, but which only their lowest edge, the foot 
of the slope, can reach'’*, From every point on such a drainage net, at its 
theoretical final position (Powell's base level of erosion), there arise 
flattened slopes of a minimum gradient; and on these mass-movement— 
or denudation by rainwash where the climate is suitable—is just no 
longer possible. If such a set of flattish forms is called an end-peneplane, 
it is perfectly obvious that it can never be an actual plane, but must be 
undulating country with flattish valleys and with a general fall in the 
direction of its own buse level of erosion. 

The general base levels of denudation and of erosion coincide when 
the surfaces that are being denuded mse directly from the erosional base 
levels. At such places, since sheet denudation is directly affected by the 
latter, their influence on that denudation is quite different from when it 
is exerted indirectly through the drainage net. ‘These differences become 
apparent on making a companson between those slopes of broad anti- 
clines which look directly towards the broad synclines and the slopes 
leading down to erosional valleys within the same anticlines. They have 
often been described—in the Basin Ranges, in the Argentine, in Asia 
Minor, in Central Asia, in the Balkans, etc.—and we shall return later to 
the interpretation of them. 

It is not everywhere, however, that the base levels of denudation co- 
incide with those of erosion and the erosional tracks, Their independence 
of the latter becomes evident, for instance at those very many places in 
arid regions where mass-movement, even in its last outlying portions, 
does not reach as far as the lines of the intermittent streams. This same 
lack of dependence, which demonstrates the functional independence of 
the base levels of denudation, is especially clearly visible in scarplands, 
The development of pencplanes on the scarp summits, like that of the 
broad ledges in the higher parts of the Grand Canyon (Colorado), is 
related to outcrops of resistant beds of rock at a lower level, and not to 
the banks of the streams incised deep down below. These are examples 
of local base levels of denudation, conditioned by structure. All over the 
world it is by no means uncommon to find that uplifted older and flatter 
landscapes are separated from their former base levels of erosion by the 
interpolation of younger steeper relief. ‘They continue to develop, not 
with reference to the base levels of erosion from the influence of which 
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they have definitely removed, nor yet with reference to the floors of the 
rejuvenated deeply incised erosion valleys, but with reference to the 
break of gradient which separates these uplifted land forms from the set 
of younger ones now dissecting them. 

As a general rule, local base levels of denudation are represented bry 
breaks of gradient. These breaks separate different systems of slopes, the 
denudation of which is related to different levels. ‘Thus, that of the 
higher, wider part of the Grand Canyon 1s related to the upper edge of 
the steep sides of the inner canyon; and these steep slopes to the 
Colorado River itself. With the break of gradient comes a change in the 
angle of slope; the break divides steeper from gentler parts of the de- 
chivity, and its angle is concave or convex according to whether the 
steeper systems are arranged above or below st. The local base levels of 
denudation thus coincide with either convex or concave elements in the 
land forms; and their behaviour—like that of the analogous base levels of 
erosion—-varies accordingly, 

From the moment it arises until it disappears, each break of gradient 
forms the lower edge of a slope for which it provides the base level of 
denudation. So long as it lasts, the denudation of the slope, lying above, 
takes place in relation to it. ‘That is the essence of a base level of denuda- 
tion. ‘Uhus this base level and the correlated slope above it are one sys- 
tem. We speak of form systems [slope units*] and say: breaks of gradient 
separate different form systems [slope units], The difference has its 
visible expression in the relationships of the gradients and depends upan 
the intensity of the denudation which, other things being equal, in- 
creases with the inclination of the slope. The steeper the slope, the 
shorter the time required ta bring about the mobility necessary for 
transport of the material, and the quicker the renewal of exposure (pp. 
62~—72, 78, $5), i.e. on the whole, the more material removed in unit time 
from the whole of the uniformly inclined surface. 


(* Term used by Prof. J, KResseli.] 
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CHAPTER VI 


DEVELOPMENT OF SLOPES 
1. GRADIENT AND FORM OF SLOPES 


HH” local base levels of denudation come into being and disappear 
DT Dis really the same question as that of the origin and development af 
the slopes which, grouped and combined in many different ways, pro- 
duce the denudational forms found at the earth's surface, What has been 
observed to take place, away from the actual lines of water-courses, 
perennial or intermittent, and the way in which it follows definite laws 
(see Chapter IIT, sections 4-9) provide all the support needed to make 
this absolutely clear, Rock material becomes more highly mobile the 
further the process of reduction has gone (the longer it has been at 
work); and it has been definitely proved that the more mobile the 
material on a given slope, the less the gradient of that slope need be 
before the material can only just move away. On gentle slopes, therefore, 
the intensity of denudation is less than on steeper ones: a much longer 
time must elapse before the material is reduced to such a degree as to 
become unstable. Where lower horizons of the soil, forming relatively 
quickly (on steep slopes), are set in motion, rericwal of exposure takes 
place far more rapidly than where only the upper horizons, which take 
much longer to develop, are moving (on slopes of a proportionately 
slighter inclination). What matters is [i.e. this renewal of exposure de- 
pends upon) the rate of formation of the uppermost horizon of reduc- 
tion, the one which is at that time lying freely exposed. Other things 
being equal, its exposure is everywhere the same. On a given slope it is 
the first part that can no longer hold in place, but must move off as soon 
as the requisite mobility is attained, The rate at which it is formed gives 
the intensity of denudation. As the topmost layer moves away, the profile 
of reduction below it sinks to the same extent into the previously un- 
attacked rock. On a slope of uniform gradient and equal exposure, a pro- 
file of reduction is formed which shows everywhere the same develop- 
ment and the same thickness, In the same time that the uppermost 
horizon of that profile has taken to acquire the mobility necessary for 
migration, a rock layer of the same thickness throughout has become 
reduced. At the close of a further equal interval of time, a further layer 
of rock, again of the sarne thickness and of equal thickness at every part 
of the slope, passes over into the reduced form. 
i 
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What has just been recapitulated holds true only on the assumption 
that the character of the rock ts everywhere the same. It ts true for each 
rock just as rock, but each behaves in a special way as regards reduction 
and becoming mobile, and so, other things being equal, has an intensity 
ef denudation peculiar to itself. Bearing this in mind, our investigations 
will be made first of all on the assumption that all the rocks have the 
same 

Deniidational slopes present every degree of inclination, from those 
scarcely to be distinguished from the horizontal right up to go°— 
leaving aside caves and overhanging crags. Because of the limitations of 
rock stability, normal gradients are less than 45°, anything steeper than 
this being quite exceptional. However, these gradients are not distributed 
over the globe in a haphazard fashion, but by individual regions which 
are often easily recognisable as tectonic units. They have such a marked 
occurrence of slopes with almost identical maximum gradients that the 
average or mean of these is one of the characteristic features of that par- 
ticular natural region. This long-recognised fact, which is quite indepen- 
dent of the position of the climatic belt concerned and so of the type of 
climate, makes it possible to speak of uniformity of relief for a district 
meaning by this the total effect of the arrangement and combination of 
all the slopes with approximately the same angle of inclination. Thus the 
frequently used term “Alpine relief' is associated with the idea of the 
steep land forms found in the Alps; and the less steep conditions found 
in the German Highlands have provided the type for ‘Highland forms’. 
Since no association that can be reduced to a law exists between the 
average steepness of slopes and their absolute—in addition to their rela- 
tive—heights, we shall replace these terms by the purely descriptive 
expressions: ‘steep forms—asteep relief’ for a set of land forms having 
average slopes round about the maximum gradient for resistant types of 
rock; ‘intermediate forms—medium relief’ for those with slopes which, 
as in the valleys of the German Highlands, reach a steepness approxima- 
ting to that of basal slopes*; and ‘flattish forms—peneplancs'+ for land- 
scapes with slight gradients throughout (see Plate I, illustrations 1, 2 
and 3)'*. It-must be borne in mind, though, that we have not gained 
more than a means of making ourselves understood. For although these 
three form-types are often actually to be seen as characteristic features, 
and although they can then be recognised without any ambiguity'™*, they 
are yet merely types of relief chosen out of an infinite number of members 
of a transitional series; round them can be grouped similar types which 
it is impossible to demarcate from one another except by agreeing to take 
specific limiting angles for the mean gradients, 

[* See glossary; and pp. 93, 135.] [+ See glossary. ] 


142 DEVELOPMENT OF SLOPES 


Within any one relief type characterised as a unit, variations in the 
angle of gradient do, then, occur in individual cases; but, as has been 
repeatedly stressed, these differences are due to differences in the resis- 
tance and attitude of the rock***. ‘They are details fitted into the general 
type without effacing it. 

One great problem presented by denudational forms is the way in 
which slopes of uniform gradient are associated together in definite limited 
regions. ‘he second relates to the form of the slopes (see Plate II, illustra- 
tions 1, 2. and 3). The slope profiles are convex, or concave, occurring as 
continuous curves or divided up by breaks of gradient, salient or re- 
entrant; or else they may be stretched out into an approximately recti- 
linear course. These various forms, too, are not distributed haphazard, 
but are arranged in a regular fashion. Examination of the slope profiles 
on the upper parts of the German Highlands or the Scarpland pene- 
planes, shows them to be concave throughout. Comparison with the 
steeper slopes on their sides, i.c, those of the younger valleys dissecting 
them, shows that these latter generally have convex profiles. These are 
examples of a rule which is world wide in its application and indepen- 
dent of any climatic peculiarities, Wherever a younger, steeper set of 
land forms s¢parates an older upraised landscape from its former base 
level of erosion, the slopes of the older forms are always concave in pro- 
file, and the younger forms dissecting the highland characteristically have 
convex, or stright profiles, although concave ones may occasionally 
appear. Throughout, the convex and straight profiles are associated with 
zones where there has been vigorous erosion. Also, in broad outline, the 
distnbution of the various forms of slope follows an unmistakable 
arrangement. It appears that the form associations with convex slopes 
are most typically found in the two mountain belts, and that they occur 
less frequently on the continental masses, Hundreds of thousands of 
square kilometres on the Canadian Shield, between the Guianas and La 
Plata, between the mountains of the Atlas and the Cape regions, retain 
the stamp of concavity on their slopes, although otherwise these vary in 
respect of steepness. Typical inselberg landscapes belong to this group. 
There is nothing like it in the mountain belts. It is true that on the sum- 
mits of the chains similar relief types, the uplifted hill country and pene- 
planes already mentioned, do occur extremely frequently; but there are 
immense spaces from which they are absent. This large-scale distriby- 
tion is, naturally, not due merely to chance. 

However, in the mountain belts-and indeed wherever the slope corre- 
sponds to the maximum gradient for the rocks concerned, convex slopes 
are replaced by what are on the whole straight profiles. They find their 
purest expression in the steep relief of mountains which escaped Pleisto- 
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cene glaciation, whether these are covered with tropical virgin forest or 
belong to arid regions. They are also very common in the Alps. Never- 
theless it must be stressed that straight slope profiles are not a peculiarity 
of steep relief, but also occur with medium relief. ‘They are the rule for 
sharp V-shaped valleys of the type found incising the Muschelkalk or 
the Malm of the Scarplands. They often develop in landscapes where 
crests-lines are formed by the intersection of slopes; and the steeper the 
slopes, the sharper the ridge crests, while with gentler slopes they are 
less sharp, The Badlands are among the areas providing excellent ex- 
amples of this—as also of convex and concave slopes (see Plate ITI, illus- 
trations 1, 2, 3). 

When two or more surfaces cut one another, lines of intersection or 
points of intersection are formed. ‘Theoretically, slopes which meet at 
their upper extremities should, irrespective of their steepness, rise 10 
sharp linear edges or sharply pointed peaks, In nature this is not so, On 
the contrary, the zones of intersection are always blunted and broadened, 
the more so the gentler the slopes concerned. ‘This blunting and round- 
ing is a characteristic of intersecting slopes: these are flattened near the 
place where they meet, no matter what the shape of the remainder 
whether steep or gentle, and irrespective of the type of rock and type of 
climate, The flattening, however, cannot continue to an indefinite 
amount. It is never very great, and is obviously dependent upon the 
gradient, diminishing ws the steepness increases, Consequently the 
degree of sharpening of the zones of intersection most distinctly in- 
creases with the gradient of the slopes that are meeting one another. 

The upward rounding of convex slopes is evidently part of the con- 
vexity itself, With concave or straight slopes, on the other hand, it is 
obviously an independent problem, since here the rounding-off of the 
zones of intersection signifies a deviation from the given form of the 
slope. 

G, Gétzinger thought that in this flattening from above he could 
recognise the process by which a ridge of ever-increasing breadth and 
flatness was produced from a sharp edge’, and R, Gradmann in hia 
derivation of scarpland peneplanes starts from similar assumptions'?®, 
This view cannot be correct since—as Gradmann himself recognised— 
it conflicts with the phenomena of valley deepening. Gitzinger has not 
yet seen this difficulty, but it is shown by direct observation. A rock wall, 
subjected to denudation, retreats backwards upslope, and a gentler de- 
clivity, the basal slope,* is. seen to form at its expense and to grow up- 
slope by the same amount as the cliff vanishes'’*. [f such cliffs are en- 
tirely destroyed, the basal slopes meet in a sharp edge, as may be excel- 
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lently seen at the Paternsattel [Forcella Lavaredo} (Drei Zinnen ['Tre 
Cimi di Lavaredo], Dolomites), and this forthwith experiences that 
definitely limited amount of rounding which has been mentioned 
above'?*. The gentler slope, that replaces the steeper one, thus develops 
at the foot of the latter; and the flattening of the land progresses from 
below upwards and not in the reverse direction. This fact haa not 
escaped G, Gitzinger in so far as the development of cliffs, i.e. steep 
forms, is concerned, But in his derivation he jumps to a conclusion which 
cannot be justified by observation or in any other way, taking it for 
granted that, as further development occurs, the flattening all of asudden 
takes place the other way round, viz. from above downwards. If rounded 
ridges did arise in that way from sharp edges, and flattish forms of con- 
vex curvature from such ridges, then it would have to be assumed that 
denudation was always working more rapidly on the flattish ridge sum- 
mits than on their steeper flanks. This cannot possibly be expected of 
Nature, as is obvious, and as was stated years ago'™*. Rounded ridges 
with convex profiles, such as occur in the Wiener Wald, can never arise 
from sharp edges. Only the reverse is possible. One of the objects of the 
following sections will be to show that this is the case. 


z. FLATTENING OF SLOPES* 
Concave Base Levers op Denupation 

A steep slope, say a cliff of homogenrous composition and uniform 
gradient, rising directly from a non-eroding river, constitutes a form 
system} [slope unit]; and its base level of denudation lies at the water 
level of the river (i in the profile, figure 2), The whole surface of the cliff 
has the same exposure and succumbs equally in every part to the process 
of reduction. In unit time a superficial layer of rock, of a definite thick- 
ness the same everywhere, ts loosened and removed: The method of 
removal is that loosened particles of rock crumble away and fall down. 
For this to happen the gradient must be too great to allow the little 
pieces of rock, just loosened by weathering but not further comminuted 
and reduced, to remain at rest. ‘This gradient is available for each unit of 
the rock face except the lowest, which is adjacent to the hase level of 
denudation, At the end of time one, therefore, this alone has not been 
taken away. There is no change in the steepness of the cliff, but it has 
retreated from its original position f-1 (in the profile) to the position 2-2, 
Beneath it there is a ledge left. Such ledges may also appear temporarily 
in the middle of the rock face as a tiny piece x breaks off. The part of the 
cliff immediately above ts then deprived of its support. It is undercut 

[* See note an p; 120] ('t See p. 129 for definition.) 
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and further breaking away is accelerated. The ledge cannot, however, 
maintain itself, for by the end of the first unit of time the layer tx below 
it has also crumbled away, even before reduction of the more rapidly 
exposed rock face above x (x 2) has loosened new material and prepared 
it for removal. 

This same process is repeated in the second unit of time. But only that 
part of the rock face above the ledge ¢ 2’ can be weathered back in the 
allotted time; and once more the lowest particle (2'=3°) is without that 
same [necessary] gradient at its disposal, i.e, it has not in the interval 
acquired the mobility essential for movement on the much smaller 
gradient. ‘The rock face moves into the position 3-3, in the third unit of 
time it retreats to 4’—4, and so on. If sufficiently small units are taken, we 
come very near to the actual process, and the exceedingly small ledges 





t2', 2'-3', 3’-4', and so on, combine to give a continuous slope of uni- 
form gradient (f ft"), 

This ts the basal slope,* along which the broken fragments derived 
from above slacken their pace, to migrate further in free, cumulative 
mass-movement, provided that conditions are suitable for their accumu- 
lation (see Plate TV, illustration 1), 

The following statement may therefore be made: A steep rock face left 
to wtself, moves back upslope, maintaining its original eradient; and a basal 
slope of lesser gradient develops at its expense. Should the cliff culminate 
in a sharp edge, as is assumed for fig, 2, this edge is lowered to the same 
extent as the rock face recedes; it moves from 1 to 2, then to 3, and so on. 
After the tenth unit of time, the steep rock face would be gone, and in 
place of the precipitous ridge there would be a lower one where the 
gentler basal slopes meet. If, on the other hand, the cliff face is the scarp 
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af atableland, it would not disappear till after a longer interval of time, in 
the figure about the twenty-second time unit; and thesteep drop would then 
be replaced by a gentler slope (¢ t’’) with the gradient of a basal slope. 

After time one, the development of the cliff face is no longer related to 
the river level ¢, but to the concave break of gradient which separates it 
from the basal slope. This break of gradient ts the base level of denudation 
until the disappearance of the receding cliff face. A neve slope unit, the basal 
slope, is interposed beteween it and the river level, The upward growth of this 
is determined by the rate at which the rock of the cliff face ts reduced, t.e. by 
the development of the steeper, higher slope unit, the special development of 
which was in the first instance related to the posttion of the rer, Whatever 
may happen to the basal slope, whatever fate may befall its lower end, the 
development of the cliff face is unaffected by it. This has become independent 
of the general base level of denudation, and what ensues is related to a newly. 
formed local base level of denudation. This itself, as time goes on, moves up- 
slope, and vanishes only in the topmost parts when the lugher slope umt has 
heen finally removed and its place taken by the next lower one. 

From its first appearance, the basal slope develops independently, 
since the rock on it, too, is being reduced. Here, however, the mere 
loosening of pieces of rock from the general fabric is not enough to pro- 
duce denudation, as it is on the steep cliff face, A far greater degree of 
reduction, Le. far greater mobility, is required for rock derivatives to 
migrate on the very much smaller gradient, and for this much longer 
periods of time are needed. The development of the basal slope is there- 
fore:very much slower, but it proceeds in the same direction as that of 
the cliff face above. 

It is still being assumed that the rock is all of the same composition 
and also has the same exposure:* [In unit time a layer of definite thick- 
ness, everywhere the samc, ts loosened from the basal slope. But it is 
material is sufficiently mobile to migrate spontaneously, This occurs as 
soon as there is a definite degree of reduction, i.c, a definite mobility of 
the rock derivatives, corresponding to the gradient as it then is (p. 71). 
In other words: if, after a certain penod of time, the rock material 
derived from the basal slope attains a certain mobility, its downward 
movement on the existing gradient is inevitable. That length of time is the 
unit by which the rate of development of the basal slape is measured, 

At the end of the time unit just defined, a layer of rock, of a definite 
thickness, the same over the whole of the basal slope, has been changed 
into a sufficiently mobile form; and during that time the rock particles, 
one after another, all quit their place of origin’. All, then, move down 

(" See pp. 36, 52.) 
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except the lowest, that adjoining the general base level of denudation (¢ 
in fig. 3), since it is the only one not provided with the requisite gradient 
for movement. Still maintaining the same inclination, the slope now 
moves from the position f @ to 2'—2. The same thing is repeated during a 
second time interval of equal length'*®. The time available, however, 
does not allow all the rock particles of the new slope 2-2’ to migrate; for 
again the lowest (2'~3') has at ite disposal not the same gradient aa that 
for all the particles above but a smaller one, one for which the degree of 
mobility so far acquired is insufficient to permit of migration along tt. 
The slope moves into position 3‘—3, and after a third unit of time it 
would reach 4'-4, and so on, By making sufficiently small the dimen- 
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sions considered, we come near enough to reality, and find this state of 
affairs: below the basal slope there is forming a new, flattened-out slope 
of gradient ft’, which grows at the expense of the former, and at the 
same rate as the basal slope is being denuded. After the first unit of time 
(as defined above), the basal slope no longer develops with reference to 
the general base level of denudation, but with reference to the concave 
break of gradient at 2°, and to that at 3', 4°... #', etc, which, until it 
disappears (in the diagram after time twenty), separates it from the slope 
of diminishing gradient* helow. The break of gradient 1s the local base 
level of denudation for the basal slope, and it moves upslope from the 
edge of the nver. 
* Abflachungshang, 
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There is no need to trace further development in the same detail. 
Below the slope of inclination ¢¢', another still flatter slope unit ¢ ¢’ 
develops. “This begins te form immediately the slope above it has ap- 
peared, and continues to do so by the same amount as the latter retreata 
from the edge of the river. Between these two there appears a fresh con- 
cave break of gradient, still more obtuse, and the speed with which it 
moves upslope is determined by the intensity of denudation on slope 
tf. ‘The value of this is but small, on account of the slight pradient. In 
the diagram (fig. 3) the youngest, flattest slope is not perceptible till after 
the eighth unit of time—asee slope position ¢ [X—and even after the 
twenty-seventh umt the lowest break of gradient has only reached point 
P’. By then, all the other local base levels of denudation, which separated 
higher, steeper slope units, have disappeared. 

It is now quite clear that the process obeys a law: Flattening of slopes 
aleays takes place from below upevards, However, it is not simply a 
matter of the slopes becaming flatter; but of new and ever flatter slope 
units perpetually appearing at the general base level of denudation, and 
growing at the expense of those above. They do this more rapidly, the 
steeper these are. Finally they replace them; but up to that time they are 
separated from them by concave breaks of pradient. These, until the dis- 
appearance of the slope units belonging to them, act as local base levels 
of denudation. They always originate at river level al! along the drainage 
net, at the general base level of denudation, and from there they move 
upslope. ‘The rate at which the flatter declivity extends u pwards, at the 
expense of the steeper slope unit above it, is determined by the rate of 
denudation of the Jaffer, ‘The measure of this, in its turn, js that of the 
rate of reduction of the rock; and is, indeed, the length of time required 
for that process to get ready reduced material of the specific degree of 
mobility needed, in that particular case, to make removal from the given 
slope just possible—thus making migration inevitable, Since the pre- 
paration of the more highly mobile material is proportional to some root 
of the duration of the reducing process (p. 51), the lower, flatter slope 
units, Which appear later, develop more slowly than the older steeper 
ones found above them, Development is most rapid when cliff faces are 
being pushed back and replaced by upward-growing basal slopes; these 
latter are replaced much more slowly by the slopes of diminishing 
gradient which are developing from below; and the slowest replacement 
occurs in that slope unit below which is the slope having the greatest 
possible flattening and smallest gradient. ‘This undergoes no further 
denudation; and transport of material from above can take place, at most, 
to but a limited extent. 

To sum up: the process of flattening begins at the general base levels 
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of denudation. While the position of these remains unaltered, the ever 
flatter forms that are developing there, one after another, maintain a con- 
stant gradient as they recede. Each successive, flatter slope grows upwards 
at the expense of the steeper one above it, and brings about its disappear- 
ance in the case of the highest parts. Such being the development, it is in 
these highest parts that the steepest forms are to be found. ‘This is the 
picture presented by the German Highlands, amongst other places. The 
last ruin-like remains of rocky steep-forms are found there—in the Harz, 
in the Fichtelgebirge—as granite tors in the midst of an area composed 
throughout of the game kind of granite. '[They are perched upon inter- 
valley watersheds which belong fo the sumnut relief! Similar features 
may be seen at many places i in the Danube valley below ‘Tutlingen, or 
along the Elbe where it breaks through Saxon Switzerland. The light- 
coloured walls of Malm limestone are confined to those slopes of the 
meanders which face upstream'™. The cliffs do not come down to the 
river. They are steep-forms originally produced at places where the 
river undercut its banks. But since then they have moved back from the 
water, their gradient unchanged, making room for a basal slope below. 
This behaviour shows that undercutting of its concave banks by the river 
was not continuously effective, but suffered occasional interruption. 
Traces of the recommencement of undercutting at the same places will 
be further considered below. 

A result of the independent development of each individual slope unit 
1s that the concave base levels of denudation do not move upwards along 
straight lines continuing the slopes of which they form the upper edges. 
The profile in figure 3 shows accurately the correct displacement of suc- 
cessively appearing concave breaks of gradient, this having been worked 
out from the particular values for angle of slope and intensity of denuda- 
tion upon which the diagram is based. Other values might have been 
taken without in any way altering the character of the results obtained, 
It is only qualitative results with which we are here concerned. 'The con- 
struction has been worked out completely only for the first four slope 
positions, From it, the break of gradient between cliff face and basal 
slope can be seeti, as well as the first [sic] positions 2", 9,4"... 2°, of the 
[next] break of gradient. For later development, only a few slope posi- 
tions have been drawn. ‘These show the displacement of the lower breaks 
of gradient of the type 4°... x’, =’ and f’’, ‘The slope ¢ ¢’’ is taken as 
possessing the smallest possible gradient. 

After unit time, the cliff face has moved back into the position a a’, 
the upward-growing basal slope has reached 2'~2, and a slope diminish- 
ing gradient ¢ 2" is beginning to appear. ‘he base level for the denudation 
of the cliff face is actually found not at a but somewhat lower at 2, be- 
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cause of the flattening [at the bottom] of the basal slope [as it weathers 
back]. The cliff face has been extended a little downwards. After two 
units of time, the position of the cliff face, the basal slope, and the slope 
of diminishing gradient are 6" 6 3,.3-3' and 3° t, The base level in ques- 
tion is not at 6, but at 3; and it can easily be seen that the amount b 3 by 
which the cliff face has been increased in length ts twice the length of a 2, 
The development of flatter and flatter slope units thus causes the suc- 
cessive positions of the base levels forming their upper limits to be ar- 
ranged, not on a straight line, but on an arched curve, Ifa line is drawn 
through the points 2, 3, 4, etc., it shows the path taken by the base levels 
of denudation in successive intervals of time. It is a continuous convex 
curve, This is generally true for the displacement of concave breaks of 
gradient. "The curvature of the paths along which they move upslope is 
flatter, the gentler the gradient of the slope units which they separate. 
For the local base levels marked by the numbers 2’, 3', 4", the convex 
curvature showing the path of the displacement is so slight® that—on the 
small scale of the diagram—it coincides with the line ¢ 4’ for the first 
three positions of the slope, and does not become visible before its gth- 
16th positions (f TX and ta’ AVI). The lowest break of gradient which 
ean develop at all, and which forms the upper edge of the slope with the 
least possible gradient, is from the outset displaced along’a rectilinear 
path (¢¢"), for below that slope no further slope unit of still slighter 
inclination is developed, It already possesses the greatest possible degree 
of flattening, and widens at the expense of all the slope units above it, 
extending landwards [back from the river]. 

It follows that, in general: /f nothing disturbs the process of flattening, 
the concave breaks of gradient are displaced not only up the cliff, but also 
further and further back into it. The backward working component—ahich 
would be absent were the lower parts of the slope not being flattened—he- 
comes of increasing unportance as the distance from the yeneral base level 
of denudation increases. Thus at 1s more effective at the upper edge of 
steep slope units than at that of flattish ones, This means that the higher, 
steeper slope units can actually be preserved longer than if those 
slopes below them were not becoming flatter; and they are removed 
and replaced by such flatter portions of the slope only at a con- 
siderably greater distance from the river than would otherwise be the 





case. 

If left undisturbed, a slope of any gradient whatsoever, prowided it is uni- 
form, becomes a slope system concave in profile. In figure 3, if the cliif face 
was originally of the form ¢ 1, then after three units of time it would have 
become a slope system ¢ 4-4 c’. Further development can easily be seen 

* [because mobility is attained more slowly the gentler the gradie nt.] 
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from the diagram. It holds so long as the general base level of denudation 
remains constant. For more on this, see p, 151. 


3. UNEQUAL EXPOSURE, ROUNDING OF HEIGHTS 

‘he basal slope and, to a greater extent, the slopes of diminishing 
gradient appearing below it, are not only regions for the supply of 
material moving downslope, but also regions of transit for material from 
above, When the general base level of denudation remains unchanged in 
position, material is bound to accumulate on the widening flattened parts 
of the slopes, since here the downward movement slackens. ‘This accum- 
ulation is not unlimited, however, as can be seen from inspection. It is 
not only that an increase in weight (p. 84) is associated with the accumula- 
tion, but also that with length of time the material is further reduced 
and se more mobile, The ratio of gradient to mobility, which is the 
determining factor in the movement of rock derivatives, has on this 
account the same value everywhere on a concave slope; the slighter 
mobility corresponds to the preater gradient and conversely. ‘This con- 
stant ratio is inevitable and is the reason why the transport of material 
coming from above is actually accomplished on the slopes of diminishing 
gradient right down to that with the least. Obviously, then, on the flat- 
tish parts of the slopes thicker profiles are slowed up, and on the steeper 
parts thinner ones move more rapidly by way of compensation. 

But the accumulation of rubble, which increases downward, brings 
about inequality of exposure (p, 54). Even when the gradient is uniform, 
rock reduction goes on more quickly at the freely exposed surfaces; the 
mobility needed for migration is reached more rapidly than on flattish 
surfaces covered with rubble, to whatever extent. Exposure is therefore 
renewed more quickly than an the Hatter slopes (p. 78). As soon as the 
migrating material has accumulated to some extent, differences between 
the various parts of the slope become noticeable: the upper, steeper slope 
units, where there is nothing to hinder development, are differentiated 
from the lower, flatter ones on which denudation is impeded. But if, in 
such a case, the development of newer, ever flatter slope units should be 
retarded, then the concave hase Jevels of denudation do not recede up- 
wards along the Strongly curved convex paths demonstrated in the 
previous section; instead, their successive positions—in profile—are ar- 
ranged upon a line which becomes more and more stretched out until it 
becomes approximately a straight line. This would mean that the upper, 
steeper slope units would be removed whilst closer to the river, being 
replaced by the corresponding slopes of diminishing gradient, ‘The great 
importance of corrasion lies in the fact that it counteracts this process by 
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once more accelerating denudation, which means renewal of exposure 
and, with this, flattening beneath a thicker covering of soil (p. 112). 

It follows that lessening of exposure on the lower parts of a slope sys- 
tem does not influence the type of development; but under certain condi- 
tions, ¢.g. when Corrasion is absent, influences the rate of development. 
It does not therefore lead to fundamental changes of form. It is different 
in the case of slope units which stand up freely, intersecting in the highest 
parts of the country. If within such a slope mait, exposure is greater 
above than in the parts below, more rock material is there prepared for 
denudation in unit time, since reduction is penetrating the depths more 
rapidly, ‘The result is a flattening of the upper, better exposed parts of 
the slope unit, and this appears as a rounding of the zones of imfersection, 
rounding of the heights (see Plate V1, illustration 2, and p. 78), 

With the flattening of the higher parts of the slope unit, conditions 
become less favourable for the migration of reduced material. Greater 
mobility 1s required, which necessitates a longer period of reduction, 
Therefore denudation is decelerated, and with this, flattening from above 
i brought to an end. ‘hts happens as aon as renewal of exposure takes 
place at the same rate both on the flattened parts of the slope unit and on 
the unchanged parts below. ‘That means a balance between the slowing 
up of denudational intensity below, because of soil accumulation, and 
that above, due to diminished gradient (pp. 64, 65). Then in equal times, 
similar amounts of rock material leave their places of origin both above 
and below. But those above, on account of their better exposure, acquire 
in the same period a higher degree of reduction than those below, where 
the rate of reduction ts retarded (p. $4). ‘This stationary ratio marks the 
limit of fattening from above, a limit which cannot be overstepped. The 
amount of flattening is thus limited, and is directly dependent upon the in- 
clination of the slope, the upper parts of which are undergoing flattening. 
The lest the gradient, the greater the flattening; and vice versa; but its ex- 
fent remains unchanged, so long as the gradient of the slape unit remains 
unaltered. It is thus utterly impossible for broad rounded ridges and 
from them, ultimately, flattish forms, to be derived from sharp edges or 
peaks by means of flattening from above (see pp. 133-134). 

Rounding of heights attains a strongly marked development when the 
gradient of the intersecting slopes is equal to or less than that of the basal 
slopes. For only then is the accumulation of rubble possible. In regions 
mmucal to plant growth, such accumulation does not begin (other things 
being equal) until the gradient is gentler than that for (climatic) belts 
where the vegetation cover ts continuous. This accounts for the greater 
sharpness, especially in deserts, of the zones of intersection of slope units 
which, if of similar steepness in a temperate climate, would clearly show 
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rounding because of dissimilarity in exposure (see Plate V I, illustration 
1), Where the reduced material is thoroughly removed by rain wash, as 
for instance in regions of Badlands, it is most striking to find an almost 
complete absence of blunting where the slopes (concave or straight) 
intersect, even when the gradient is slight. Such climatically determined 
differences of form become especially clear when the comparison is be- 
tween upstanding areas where intersecting concave slopes are of the same 
average steepness. In districts of sparse vegetation these, e.g. inselbergs, 
are characterised by a sharper concave curving of the foot-slopes* and 
greater sharpness of the zones of intersection as contrasted with other- 
wise stmilar upstanding areas in humid regions where the foot-slopes* 
are less concave and the heights more rounded. This, however, refers 
only to rocks of the same or similar character. Analogous differences can 
also be found within one and the same climatic zone between upstanding 
masses of very resistant rock providing little debris, and those which are 

otherwise similar but composed of easily destroyed rock, In the former 
case the covering of rubble is slight, other things being equal, and condi- 
tions are favourable for renewal of exposure; in the latter case the reverse 
holds. For the rubble cover, which causes the difference in the forms 
considered above, is always the result of a quantitative ratio between the 
amount of rock debris prepared and its removal. 


4. STRAIGHT SLOPE PROFILES, 
UNIFORM DEVELOPMENT 

If the position of the general base level of denudation remains un- 
changed, as was assumed in the preceding section, it means that the 
rivers are neither incising nor depositing. A river working merely as 
transporting agent cannot prevent the upslope recession of a cliff that 
originally rose up directly from it, nor the formation of a basal slope, nor 
the development of slopes of diminishing gradient appearing in succes- 
sion below that. After some time, the whole slope system—with its cliff 
face above, and its slope of smallest possible gradient below—has re- 
treated’so far from the river that this now cuts only the loose material 
that has rolled down to form the talus heap; after a further period of time 
it no longer does even this. ‘The whole slope system retreats inwards, 
ever further from the edge of the river, so that the higher, steeper slope 
units in the uppermost parts disappear one after another; the steeper ones 
generally do this whilst they are nearer the river than is the case for the 
flatter slopes that succeed them below, ‘The slope with minimum gradient 
is spreading further and further inwards between the rest of the slope 

[* See glossary. | 
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system and the stream. It is the only one of the slope units that is in this 
way constantly gaining in area. 

lf the cliff face, or any other slope unit preserving an unaltered 
gradient, is to remain adjacent to the general base level of denudation, 
the river must erode it. In every unit of time during which the slope unit 
recedes by its characteristic amount, the river must remove that lowest 
particle ¢ ax (in fig. 4, p/ 145) which would become the starting point 
for a slope of diminishing gradient so long as the position of the general 
base level of denudation remained unchanged, The river must erode 
downwards at least from ¢ to @, or sideways from ¢ to a’, and must in all 
the following units of time perform the same, ever-recurring task, In 
short, there must be a constant ratio between the intensity of the denudation 
acting on the slope unit and the intensity of eranon by the stream, a ratio 
characterised by the relation: 


: fa | 
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where fa =the amount of downward erosion 7 
ia’ =the amount of lateral erosion nti 
t o=the amount of denudation (the amount of the retreat ee 
of the slope unit) 
ancl a =the angle of inclination of the slope unit. 
Figure 4, from which the corresponding values and relanonships can 
be seen for a steep ale = (A) and fora flattish slope (B), shows that this 
formula can be applied to any: slope unit immediately adjoining the base 
level of denudation. 4 slope untt can then maintain itself with unaltered 
gradient only when the intensity of erosion is constant (uniform erosion) and 
proportional to the intensity of denudation on the adjoining slope unit. Since 
this increases with the angle of inclination x, which in tts turn depends 
as regards detail upon the character of the rock, the intensity of erosion 
has a definite relation to the angle of inclination of the slope unit rising 
up from the river. The flatter the adjoining slope, the less intensity of 
erosion is needed to bring about equilibrium; and the limiting case is 
equilibrium between a river which is not eroding and a slope with the 
smallest possible gradient (the theoretical condition of the final surface of 
truncation, the end-peneplane or Davisian peneplain*). 
Equilibrium is inevitably established, however, not only when erosion 
is uniform, but also between any value of the erosional intensity at a 
given time, and the denudation taking place on the slope unit adjoining 
* ander Endrumpfldche, dem Endrumpf oder der Peneploin vom Davis. 
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the river af that tine, Suppose a cliff to rise up directly from a river, and 
that the river is eroding with less intensity than what 1s needed to 
balance the denudation of the cliff face. Let the tntensity, however, be 
greater than that of denudation on the normal basal slope—i.c. the one 
that would develop if the general base level of erosion remained in a 
fixed position (see p. 135 ff.). ‘Then obviously the cliff face could not 
remain at the edge of the river, but would recede from it by characteristic 
amounts: The slope appearing below it would not, however, correspond 
to the normal basal slope. Such (¢ ¢’ in the profile of fig. 5) could develop, 
and maintain its position at the water-course unaltered, only if the 
stream were downcutting uniformly with an intensity such that its value 





Fic. 4. 


corresponded to this equilibrium. But 2 greater value has been assumed 
for the river's erosional intensity. 

As the cliff fw moves back in successive units of time into the posi- 
tions 1’, 2’, 3’, ete., let us suppose that the general base level of denuda- 
tion sinks from f to a, and furthermore, by equal amounts to 6,, ¢,, etc. 
On such an hypothesis, the infinitely small basal slope 4, which (theoreti- 
cally, but not in reality) appeared in time one, has been undercut, an 
infinitely small step a,a," has formed in the cliff. ‘This must migrate up- 
slope at the same rate as the cliff face, since it has the same inclination. 
If, in time two, this latter has arrived at 2-2", then that break of slope 
would be at ae,’ and would have left 1 new basal slope a,a, behind it. 
However, this has in the meanwhile been once more undercut. The 
newly appearing step in the cliff, 5,4,', would have migrated to ,)," by 
the end of time three, the a-step to ayy’, the cliff face to 3-3’. The new 
basal slape 4,4, has, however, m the meantime, again been undercut 
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(és¢,'), and 80 on, IF events took place successively in that way, a many- 
stepped basal slope would develop below the receding cliff, its mean 
gradient being greater than that of the normal basal slope ¢ 2’. In the 
diagram the successively appearing steps of undercutting have been 
marked by the letters a, 6, c,d... etc., and their positions reached in 
successive times bear the corresponding indices. After time three, the 
slope system is represented by points cyry' bh,’ aya,’ 3-3 (the fine lines 


However, in reality, river erosion and sheet denudation, over the 
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whole rock wall as well as that over the slope unit appearing below it, 
happen simultaneously for all the phases; and so, neither the little steps 
of undercutting, nor the basal slopes ¢ ¢' below them, actually arise. Each 
infinitely small undercutting on the part of the eroding river creates an 
infinitely small slope of steep gradient, on which denudation is more 
vigorous than at any other position on the growing basal slope. ‘Thus, 
from the moment of its origin, that infinitely small slope reaches up to 
what is at that instant the base of the cliif face, swallowing up, as it were, 
the gentler basal slope. In successive times this latter moves along the 
same path as it would follow were there no erosion, since its position is 
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determined exclusrvely by the intensity of denudation on the cliff face itself. 
If the cliff face has already nearly reached the position 1-1’, there arises 
at the edge of the river only the last infinitely small slope of undercutting 
which by the end of unit time disappears from the foot of the wall, 
which has during this same time moved to point 1. At each moment, river 
erosion brings about accelerated denudation, and this is transmitted to 
the upper margin of the slope unit. If we choose to consider very small 
values, we come very near to the natural course of events and the deduc- 
tion becomes exact: Then the infinitely small steps of the slope a,a,'1 pass 
into the thickly drawn lines of the gradient a,1. 

The slope that develops here is from the very outset steeper than the 
normal basal slope tt’. Assuming as before that the rock remains of the 
same character, it is therefore an area of greater denudational Intensity; 
and it is the lowering of the general base level of denudation, by the 
fiver's erosion in unit time, which causes the increase in denudation and 
determines what intensity is possible on the slope unit rising up from the 
stream. ff £ denotes the intensity of downward erosion, 4 the intensity 
of denudation on the slope unit immediately adjoining the stream, the 


general relationship that holds ts: E= =. , where a represents the angle 


of inclination of the slope unit under consideration. In other words: The 
intensity of erosion determines the pradient of the slope unit rising up from 
the river edge, the details of the inclination then depending upon the 
nature of the rock. 

50 long as the intensity of erosion remaina constant, there is one slope 
unit and one only, its form and its inclination remaining always the 
same, which can grow upwards from the eroding stream. Under these 
circumstances, no local base levels of denudation, concave in form, can 
develop. On the contrary, He slopes have straight profiles, and these are 
maintained so long as the intensity of erosion remains unchanged 
(assuming the character of the rock to be still the same), This is called 
uniform development. Its primary characteristic is a atrmght profile; thus, 
the slopes have a specific form, but not a specific gradient. Rather is it 
true that slopes of any gradient whatsoever—from the least possible to 
the greatest which can be formed and maintained for the particular type 
of rock at the place in question—imay acquire w straight profile when 
uniform development sets in, provided only that the crosional intensity 
keeps its corresponding value unaltered, 

In figure 5 we began with a cliff face ¢ wv. ‘This, if produced beyond the 
diagram, would meet an analogous slope unit in the vertical line dropped 
from the ridge crest [f m nin the igure}, Further development leads toa 
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single concave break of gradient. As this moves upslope and shortens the 
cliff From below, the rocky aréte becomes lowered to the same vertical 
extent. Between the time periods four and five, the cliff face would have 
disappeared and been replaced by the slope en; and thus the aréte would 
have been replaced by a less sharp edge, the intersecting slopes being not 
$0 steep as previously, Up to that moment, there has been a lessening of 
the vertical distance between the zone of intersection and the general 
base level of denudation which is sinking uniformly, ie. the relative 
hi (pp. 135-136) has been diminishing. From now on, this is 
hanged. “he uniform straight slope is being shortened from shave, at 
hie zone of intersection, by the same amount as itis beng supplemented 
from below at the edge of the river. In other words: regardless of the 
gradient of the slopes which are meeting in the particular case, and ir- 
respective of rounding of the summuits—which does not interfere with 
the stationary condition, but causes it (p, 142)}—the zones of intersection 
are lowered in unit time by the same amount as the rivers cut down. This 
follows directly from the rectilinear nature of the slope profiles and the 
constancy of their gradient, and can be read off at once from figure 5: the 
lengths ¢,-2, (amount of erosion) and m-n (lowering of the ridge), both 
between the same slope positions, aré equal to one another. 

If uniform development lasts niffictently long, straight slope units are pro- 
duced in every case; the steeper ones, which emerge from rapidly eroding 
streams, appear after a shorter time than the flatter ones corresponding to 
jess intense erosion. They then hold the field alone. As soon ar this stage 
has been reached, the relatrve heights become constant. Nothing changes in 
this respect so long as the intensity of eroston marntains a uniform absolute 
value. 


s. CONVEX BREAKS OF GRADIENT 

Development of convex breaks of gradient might be deduced directly 
from the law that the gradient of slopes is determined by the intensity of 
erosion. However, we prefer once more to follow continuously the nat- 
ural course of events so as to reach exact results by this somewhat 
lengthy method. In order to deal with the problem by constructing a dia- 
gram, fig. 6, p. 146, is once again based upon taking definite values for 
the intensity of denudation acting upon the individual slope units: any 
numbers may be chosen for these values so long as merely qualitative 
results are desired, and so long as they fit in with the known law that 
intensity of denudation, which is equal to the rate of development of the 
slope units, increasea with their steepness, Differently chosen values 
would alter merely the [particular] gradients of those portions of the 
slopes which are represented in the profile, and not—as we wish once 
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more to stress emphatically—the fundamental results which alone 
matter here. 

A slope with a straight profile, rising up from a stream which ts 
eroding uniformly, recedes in three successive units of time from its 
position mm’ to ff. m to f denotes the uniformly maintamed amount of 
erosion, m to t’ the lowering of the zone of intersection by similar equal 
amounts during the same periods of time. If from that time onward the 
intensity of erosion increases, development can no longer continue in a 
sitnilar way: the general base level of denudation is lowered more rapidly; 
but the denudation of the slope unit with its given gradient cannot be 
accelerated during the same period. The balance has been upset, 
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Starting from the position ¢#’, the slope can, und must, reach position 
@,'r', in time one, because of the renewal of exposure taking place on it 
at a definite velocity. In the meantime, however, the general baze level of 
denudation has been lowered from f not only to-y but to a,, which would 
be just double the amount occurring in the previous time intervals, 
Theoretically, therefore, there remains a small undercut declivity @,a,’ 
which separates the slope a,'1 from the general base level of denudation, 
But in fact neither this nor its similar successors, shown in the diagram, 
ever develop. For at every instant the river, eroding with increased force, 
brings about a minute undercutting, produces a minute steep slope, 
which from the moment it appears is a surface of more intense denuds- 
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tion. As such, 1 recedes vigorously upslope and eats away the lower end 
of the slope unit which is simultancously receding, but at a slower rate. 
If, at the end of time one, this reaches the position 4’1, then the last of 
these minute undercuttings (ic. slopes with an inclmation of maximum 
gradient) has heen produced ut the river's edge, and has vanished at 
point t. This point is as far as the undercutting can recede upslope in 
unit tune on account of the intensity of denudation peculiar to if. 

Thus, while the one slope unit moves in successive times from ff’ to 
1-1, 2'—2, etc., there ts also a new slope unit growing up from the more 
intensely eroding river. ‘This might be considered to have arisen dis- 
continuctusly, as has been shown on p. 146 for an analogous case. The 
newly formed slope would then be dissected by exceedingly small steps 
which one after another would reach upslope, as is illustrated by the fine 
seats line in the position ¢,5°. However, to make a sufficiently close 

ach to the continuous course of nature, the discontinuities must be 
ii as infinitely small. Then the very minute steps disappear in a uni 
formly inclined plane (thick line) which at swecessive times occupies the 
positions 4,1, 4,2, 3, and so on. 

This new slope unit has a straight profile, since constant values have 
been assumed for the increased intensity of crosion. It is steeper than the 
slope unit above it. Therefore it is the scene of increased denudation 
and it is obvious that this is now necessarily in equilibrium with the 
erosion. 

Between these two slope units, a convex break of gradient appears. It 
forms the local base level of denudation for the flatter part of the slope 
lying higher up. This, until it disappears, is denuded in relation to that 
break, and is uninfluenced by any further changea in the general base 
level of denudation, The convex break of gradient recedes upslope, since 
the steeper slope unit, being a surface with a more rapid rate of develop- 
ment (intensity of denudation), retreats upwards more vigorously and 
eats away that part of the slope which 1s above it, undercutting it and 
thus. preventing it from being flattened. This: latter slope is displaced 
only in a direction parallel to its former position; but ir is continuously 
shortened from below until it disappears from the parts at the hiphest 
altitudes. 

Thus in general: Convex breaks of gradient otce thetr origin to an increase 
in the intensity of eroston’*"®. They originate at ricer level all along the 
drainage net, and from there they recede upwards at a rate that tr deter- 
mined by the intensity of denudation of the steeper slope unit. On account Sed 
their presence, the development of the higher, flatter slope unit becom 
dependent of the behaviour of the erosional channels, i.e. independent. of Be 
base levels of erosion (see Plate TV, illustration z, PlateV, illustration 1). 
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AppirionAL Nores ON THE OntGin OF CONCAVE 
Breaks oF GRADIENT 

In their origin, behaviour and function, convex breaks of gradient 
agree in every way with concave base levels of denudation. Both start 
from the general base levels of denudation, both recede wpslope, and tn 
hoth cases the rate of retreat is determined by the intensity of denudation, 
which equals the rate of development of that is at that time the STEEPER 
tlope unit. Both are local base levels of denudation and render the de- 
velopment of the respective slope units above them independent of the 
behaviour of the erosional channels and of the base levels of erosion. 

These analogies, and especially the fact that the change in position of 
the convex as well as of the concave breaks of gradient is determined by 
the rate of development of what is at that time the steeper slope unit, 
make it now possible to add to what has been said about concave base 
levels of denudation in areas which are composed of homogeneous 
material. It is by no means only when there is a fixed base level of 
denudation, as was assumed in section 2, that they arise. They do so in 
every case where there is any diminution tn the intensity of erosion. If this 
intensity becomes zero, there is the possibility that flattening may occur 
down to the smallest possible gradient, Interruption in the lessening of 
crosion, on the other hand, naturally limits the process of Hattening as 
well, Up to that time, viz. up to the cessation of erosion, the diminution 
of gradient in each phase of the development of the erosional intensity 
ean only be such as to bring the intensity of denudation peculiar to that 
slope into equilibrium with what is at that time the value of the intensity 
of erosion (see pp. 145, 147 and fig. 5 on p. 146). Thus the succession, 
from above downward, of flatter and flatter slope units, together with 
their actual inclinations, provides a picture of the kind of decrease in 
erosion that has taken place and its limit. Other things being equal, a 
sharply concave curve of the slopes indicates rapid deceleration of the 
erosional intensity, a concavity of less strong curvature indicates a slower 
rate of deceleration (cf, with this, pp. 159-161). 


6, DEVELOPMENT OF RELATIVE HEIGHT 

WAXING DEVELOPMENT AND WANING DEVELOPMENT 

Figures 2-6 show the development of the relative altitudes, To 
simplify matters, the lines along which the zones of intersection move in 
successive unite of time are recorded as vertical lines dropped from the 
ridge crests. No account has been tuken of the rounding of heights. 
When the general base level of denudation is constant, the zone of inter- 
section is lowered, and with this the relative height 1 lessened (pp. 136- 
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137, fig. 3). This decrease, however, is not the same for all phases. If the 
slope positions f 1, 2.4’, 3 4’ (in fig, 3, p. 137) are produced to cut the 
vertical line through the ridge crest, the lowering in successive intervals 
af time is found to be greatest, and—as can also be seen from fig. 2, p. 
135—1o be constant in amount, 50 long as it is the same steep surfaces of 
intense denudation, the cliff faces, which are intersecting (positions I-IV). 
Suppose, for the scale chosen, that this lowering ts 22 millimetres per 
unit of time. After time three, the cliff disappears, and from then on- 
wards the basal slopes meet in the highest parts of the country. ‘The 
lowering of the zone of intersection now takes place more slowly; in the 
diagram, it will be only 10 millimetres between the positions IV and V, 
i.e. during one unit of time, and it falls still further to 1.2 millimetres in 
unit time. This amount temains constant so long as the zone of inter- 
section is formed by the basal slopes—positions V to XX—and is in no 
way affected by the fact that in the meantime further, flatter slope units 
are developing at the edge of the river and growing upslope. After time 
twenty, the basal slope has been completely replaced by the next flatter 
slope unit, in which the zone of intersection now occurs. The lowering 
of this is hereby further decreased—o.16 millimetres in unit time—and 
this decreased amount remains constant until the slope unit in question 
has been itself removed and replaced by the one next below it with the 
next degree of flattening. 

If the general base level of denudation remains constant, decrease in 
the relative height takes place more and more slowly. ‘This slowing down 
comes about because, in the course of development, ever flatter and 
flatter slopes mect in the zones of intersection; and on these, denudation 
achieves less and less in successive units of time. The lowering of the zones 
af intersection depends solely upon the development of the slope units sohich 
mect there, and it is determined by whatever intensity of denudation ts 
characteristic of these latter. 

The general base level of denudation 1s constant only as a special case. 
This can occur at the end of a series of developments which are charac- 
terised by decreasing erosional intensity, i.e. there is a decrease in the 
amounts by which the general base Jevel of denudation is sinking [in 
each unit of time] (p. 151). Considering any phase of the develop- 
ment, ¢.g. that represented by fig. 5 (p. 146), what occurs is as follows: 
So long as slopes with the gradient ¢ w intersect, the zone of intersection 
is lowered by an amount proportional to the sine of the angle of inclina- 
tion of the slope unit, regardless of the fact that m the meantime the 
river is eroding less intensely and js allowing a flatter slope unit to de- 
velop. This becomes evident if in fig. 5. p. 146, the slope positions f tw, 
1-1", 2-2", 3-37", 4-4 are produced to meet the vertical line thraugh the 
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ridge crest, Until the flatter slope unit has pushed ita way through and 
forms the zone of intersection, this latter is lowered in each successive 
unit of time by an amount greater than that by which the general base 
level of denudation is sinking. The result is a decrease in relate height, 
The relative height remains constant if the slopes, which intersect in the 
highest parts of the country, rise in rectilinear fashion from a water- 
course that is eroding with an intensity which has been decelerating but 
which—it is aasumed—is once more uniform. 

The course of development which is due to decrease in erosional intensity 
may be called WANING development. It is characterised by the occurrence 
of concave breaks of gradient, concave profiles, and decreasing relative 
height, In the limiting case, the erosional intensity sinks to zero; the 
slopes then develop with a constant position for the general base level of 
denudation, and a lower limit is set to flattening only when slopes with 
the smallest possible gradient appear. As soon as these intersect on the 
interfluve summits, there is navurally an end to the lowering of the zones 
of intersection. With this, the lower limit has been reached for the de- 
crease of relative height, This height is determined (a) by the inclination 
of the slope unit which has become the sole prevailing one, viz. that with 
the greatest possible degree of flattening; and (4) by the horizontal dist- 
ance between the zone of intersection and the edge of the river, increasing 
with this distance and vice versa. This process ends with cessation of all 
denudation of the land, with the establishment of minimum angles of 
slope and of a relative height which can be no further decreased. It is, 
however, possible only when the course of waning development. pro- 
ceeds completely undisturbed and for an unlimited time. It is called 
peneplanation of the country. Every phase, except the theoretically final 
result, is characterised by a concave slope profile. That final result would 
le the end-peneplane, Davis’ peneplain or ‘Fastebene' (see p. 125). 

Waning development may follow from the uniform type; but it is just 
as likely for the uniform type to follow it, and this is what was assumed 
in the construction of fig. 5 (p. 146). The characteristics of uniform 
development have already been established (pp. 147-145). They are based 
upon constancy in the amount of erosion produced in successive units of 
time, Slopes with straight profiles develop, and as soon as these intersect 
in the highest parts—but not before—the relative height also becomes 
constant. Then the lowering of the zones of intersection is not only pro- 
portional to the sine of the angle of inclination of the slope units which 
are meeting, but also it is equal to the amount by which the general base 
level of denudation has sunk. 

Fig, 6, p. 149, illustrates the development of the relative height as the 
intensity of erosion increases. The construction in diagram A starts with 
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a slope unit of uniform development. As far as position f 2" of the slope, 
the amounts by which the zone of intersection is lowered, and those by 
which the general basc level of denudation sinks, keep pace with one 
another. From that point on, it is otherwise. “The river incises more 
strongly, but the rate of lowering of the summit remains unchanged so 
long as the zone of intersection is in the same slope unit: the relative 
height increases, This goes on until the new steeper slope unit rising from 
the river, which (according to the assumption) is again eroding uni- 
formly though with increased intensity, has succeeded in reaching the 
zone of intersection, 

The construction of diagram Hi can now easily be understood. It is 
based on # system of slopes which is exhibiting waning development, 
and which consists of clitf face and busal slope tf a. For the sake of 






clearness, the relationship E= =. has been assumed between E, the 


intensity of erosion, and A, the rate of denudation of the cliff face Hf a 
with angle of slope +. ‘Then from the incising water-course there will 
again rise a cliff face -with the same gradient, assuming the character of 
the rock to be homogeneous. After time one, a slope has been formed, 
having the position 1‘) Fya,: a fresh cliff face a'r has appeared and is 
separated from the receding basal slope by a convex break of gradient 
which migrates upslope at the same rate as the concave base level of 
denudation at the foot of the upper cliff face. The basal slope is shortened 
from below by as much as it is increasing above. Were the erosional 
intensity greater, the more actively undercut lower cliff face would in- 
crease upslope more strongly and shorten it from below more rapidly 
than it cin grow upwards. It would be removed, the lower cliff face 
would merge into the upper one as a uniform slope unit, over the whole 
surface of which intensified denudation would then occur, brought about 
by accelerated caving in of the river bank due to its undercutting. Before 
this condition had been reached, however, stepped cliff faces would be 
visible in such a case also. These, occurring on valley dlopes of homo- 
geneous composition, show that erosion has repeatedly begun and ceased 
at the same places (p, 139). Excellent examples of this are to he aren in 
the valley of the Danube below Tuttlingen. "There it isa matter af the 
repeated action, alternating with its absence, of predominantly lateral 
erosion at the undercut slopes of the valley meanders: the cliffs are not 
invariably stepped, nor is the number of steps nor their altitude eon- 
sistently repeated at analogous places. No terraces, that could he cor- 
related with these cliff steps, have been observed on the corresponding 
slip-off slopes, | 
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If the upper cliff face intersects a slope unit of the same type then, 
according to what has been assumed for diagram B, the zone of inter- 
section is lowered by the same amount as the river cuts down, until the 
basal slope reaches it—sce position 3'3 4. From that time on, the lower- 
ing, which corresponds to the rate of denudation of the slope, gocs on 
very much more slowly. The river is now at the same time cutting down 
with undiminished vigour, and so the relative height increases, This 
hehaviour 1s again associated with the presence of a convex break of 
gradient, and once more the lowering of the ridge creat is independent 
of what is happening at the river's edge, provided that the slope leading 
from it to the ridge crest is not a single slope unit (lit, a uniform form 
system). The occurrence of convex breaks of gradient and of convex siope 
profiles is as necessarily bound up with increasing intensity of erosion as ts 
the increase in relative height. We call this WAXING development. 

This general statement can be made: Lowering of the zones where 
slope Units intersect at the tops of the slopes does not necessarily mean a 
decrease of relative height, nor a lowering of the general level of the land. 
The development of relative height ix the story of the vertical distance be- 
teoeen the sone of intersection and the corresponding position of the general 
base level af denudation at any given moment; the lowering of the zone of 
intersection is the steady decrease in the vertical distance between it and a 
definitely chosen fixed level, ¢.g. any individual position of the general base 
level of denudation. Lowering of the zones of intersection ts the immedi- 
ate consequence of the denudation that is taking place on the intersecting 
slope units; like this, it goes on steadily and comes to an end only when 
denudation ceases. The amount of lowering is determined solely dy the inten- 
sity of the denudation on the intersecting slope units, and so ts proportional 
to the sines of their angles of inclination; the steeper these are, at the zones of 
intersection, the greater the lowering in unit time; and this is independent of 
what is happening on the lower parts of the slopes and at the general base 
lewel af deniulation, 

Variations in the relative height, on the other hand, depend upon 
differences between the behaviour of the erosion channels and that of the 
zones of intersection, If the intensity of erosion diminishes, the relative 
height becomes fess. But this does not occur till the slope systems of con- 
cave profile, i.e. those which are broken up by exclusively concave breaks 
of gradient, have extended up to the topmost parts, without necessarily 
affecting the rounding of heights previously considered (waning de- 
velopment). If the intensity of erosion increases, so does the relative 
height, But here, likewise, it is not till the developing slopes, divided up 
by convex breaks of gradient, have established themselves (waxing. 
development), And it is only in those epecial cases where straight slopes, 
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due to a uniformly incising stream, intersect on the summits, that the 
relutive height remains constant. Then it does not alter any more than 
does the inclination of slope, whatever it may be at that time, ¢o long as 
the intensity of erosion maintains its Value, not even when the denuda- 
tion and the lowering of the zones of intersection are of unlimited dura- 
tion (uniform development). 


7, RATES OF GROWTH AND AREAS OF 
SLOPE UNITS* 

The regular upward recession of concave and of convex breaks of 
gradient, in regions composed of homogeneous material, brings alvout a 
change in area of the slope units which adjoin one another at any given 
moment. Those immediately above the receding break of gradient are 
shortened: those which happen at the time to be below it, spread up- 
slope. Tus latter process ts the growth of slope units. The rate of growth 
varies with the intensity of denudation. Since the latter increases with 
the gradient, steeper slope units grow more rapidly than flatter ones. 
During their development, therefore, slope units are constantly changing 
in area: and which kind of change it is depends upon their arrangement. 
Only with uniform development is there no such alteration; in that case 
the slopes consist each of a single slope unit, and are uniform and not 
composite. There is compensation for shortening at the zones of inter- 
section by the addition of an equal amount at the general base level of 
denudation; the area of the slope anit ts in that case as constant as the 
gradient. 

But with waning development, in which the steeper parts of the slopes 
are at the top, and the flatter ones below (p. 137, fig. 3), cach higher 
break of gradient recedes upslope more quickly than that next below it 
(p. 150); and so the area of the slope unit between them increases, That 
increase is not, however, unlimited, nor is it very considerable even over 
long periods of time; since except between cliff and basal slope the differ- 
ences of gradient between neighbouring slope units are never very great 
and they become smaller, the slighter the inclination of the slope units 
which jo one another by concave breaks of gradient. It is only the 
slope of greatest possible flattening which is continuously increasing its 
area at the expense of all the slopes above it, since at its lower margin, 
the fixed general base level of denudation, there is no flatter slope unit 
appearing. 

The arrangement ts reversed mm the case of waxing development; here 
the steeper slope units lic below, the Harter ones above. Convex breaks 

[* Sce glossury.] 
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of gradient, which recede upward more quickly, form the lower margin 
of each of the slope units. These, in unit time, are shortened from below 
by greater amounts than the upward extensions of their top edges. All of 
them thus decrease in area except the one that rises directly from the 
general base level of denudation. It is inevitable that in this way slope 
units vanish before they have reached the zone of intersection in the 
highest parts, This is illustrated in fig. 7, which has been drawn for 13 
successive positions of slopes which result from an assumed increasing 
intensity of erosion. It would occur with a slope which had been pro- 
duced by first, an increase in erosional intensity, then followed by uni- 
form incision of the amount 1 to 2 in unit time. Two slope units, a and 6, 
are present. A third steeper one (c) becomes associated with them as soon 
as the river incises more vigorously (from 2 to 3, then 4, 5, 6, and so on), 
anda further fourth one (¢), which rises up from the river when it erodes 
yet more powerfully still after having reached slope position 9. That 
fourth-slope possesses the greatest inclination that the character of the 
given rock permits. 

Slope unit 4 is so vigorously undercut and shortened by the slope 
below, that between the slope positions 12 and 13 it has been completely 
eaten away and replaced by slope unit f, which then immediately adjoins 
the much fatter slope unit a. A more pronounced convex break of 
gradient separates them from one another, ‘This result would have been 
achieved more quickly had the river erosion increased to greater amounts 
in unit time than has been assumed. Conditions which could obtain only 
after the gth slope position in the figure would then have come about 
sooner. The amount of erosion by the river in unit time is the rate or 
intensity of erosion; the increase of such amounts in unit time is the 
acceleration or increase of erosional intensity (conversely: the diminution 
of these amounts is the decrease of intensity or deceleration of the 
erosion). 

The removal of intermediate slope units by steeper ones produced later 
may occur even before those intermediate slopes have extended up to the 
highest parts; and it takes place the more quickly and, other things bemng 
equal, affects « larger area, the greater the acceleration of the erosion (see p. 
!60), Such a slope, therefore, no longer shows all the slope units, one 
above the other, as they were successively formed at the general base 
level of denudation: but some of them are gone and have been replaced 
by more sharply convex breaks of gradient. They separate the far older 
and flatter slope units from the far younger, steeper ones. ‘This pheno- 
menon is widespread: sharp breaks of gradient, the origin of which has 
been explained above, always form the lower limit of upraised landscapes 
with gentler slopes, and they mark the upper edge to which the younger, 
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steeper slope units have worked back from the deepened erosional 
channels. It is quite wrong to deduce from this a duality of uplift!**, 
Amongst many other examples of this there are the dissected peneplanes 
of the Vogtland and the Rhenish Schiefergebirge, and the highland land- 
scapes of the Harz and the Black Forest, etc., with their edges eaten into, 
as it were. The phenomenon is most sharply marked where acceleration 
of erosion has produced slope units of maximum gradient. If the water- 
course in fig. 7 should finally cut down in unit time not only from-g to 
ro, lut twice as quickly right down to 11, no steeper slopes would de- 
velop, not even with a further acceleration of erosion, since the maximum 
gradient had already been attained. But the slope unit ¢d would increase 
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to an extraordinary amount. ‘The accelerated undercutting of the higher 
slope units would lead to their rapid removal (dotted slope positions 
10-10’, t1-11', fine figures); very soon a specially sharp convex break of 
gradient would make its appearance, and here the precipitous undercut 
slopes would directly adjoin a far older and flatter slope unit (fig. 8 and 
Plate TV, illustration 2). 
Such undercut slopes always have a straight profile. It is no longer 
possible to tell from their shape whether the water-course from which 
‘they-rise hes had uniform, accelerated, or decelerated erosion, whether 
they belong to the type of uniform, waxing or waning development, so 
long as the intensity of erosion is more than what just balances the spon- 
tancous denudation on a slope of maximum gradient. If such undercut 
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slopes meet in’ zones of intersection, the relative height becomes con- 
stant. This behaviour, then, no longer indicates uniformity of develop- 
ment, a point which must he kept in mind for later investigation. 


CONTINUITY OF THE CURVATURE OF SLOPES 

For the accentuation of convex breaks of gradient, which takes place 
on the removal of intermediate slope units, it is not mecessary to pre- 
suppose a sudden increase m the intensity of erosion, ‘This has, so 
far, been assumed in order to facilitate approach to the laws governing 
slope development. Erosion may be locally accelerated in such a way as 
to give the impression that the intensity increases suddenly by comparison 
with the very slow processes of sheet denudation. Such a superficial im- 
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pression must not, however, be allowed to tempt us to misinterpret the 
essential nature of erosion, which changes its intensity only in a steady, 
hot in. a discontinuous manner. Erosion ts lowering the general base level 
of denudation at every moment, i.e steadily, by a very small amount. 
With increasing intensity of erosion, these very smal! amounts become 
larger in successive units of time; with lessening intensity, they become 
smaller, At every moment, therefore, very minute slope units rise up from 
eroding rivers and, when the amount of erosion increases, they become 
somewhat steeper in each successive unit of time, They combine in a 
continuously curved convex slope. The kind of curvature can be seen in 
fig. 8 in which the continuously curved slope profiles are drawn in heavy 
lines or in broken lines inserted under the corresponding slope positions 
af the conatruction, On the left (A) the acceleration of erosion has been 
tuken us exactly half that on the right (B); so that in the latter case it is 
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always exactly half the time, as compared with A, which elapses before 
the erosional intensity has risen to twice, three times or four times the 
amount of the initial value, the same In both cases, It is only after time 
eight that A has reached the same erosional intensity as B had already 
attained after time four. In both cases there appear successively the 
same number of similarly inclined slope units, but in B twice as quickly 
as in A. Therefore the area of the individual slope units—of the same 
inclination-—is smaller in B, and the inevitable removal of intermediate 
slope units by lower and steeper ones takes place sooner than in A. In 
figure 8 3 this has already become visible after time four (at x); in A, 
nothing can yet be acen of it after time cight. It is apparent that the 
curvaiure of the slopes is more markedly convex, towards the valley inciston, 
the greater the acceleration of erosion, the more rapid the rate of increase im 
erosional intensity. 

The rounded mountam ridges found, for example, in certain parts of 
the German Highlands and the Wiener Wald, are instances of upstand- 
ing areas surrounded by convex slopes. In the Wiener Wald, G. Got- 
zinger has made them the object of his frequently quoted investigations. 
They are typical forms of waxing development * which of necessity 
arise with increasing intensity of erosion; and are-not, as Gétzinger tried 
to show, forms of waning development. 

If in a continuously curved slope, slope units of medium gradient have 
been overtaken by steeper declivities which grew up rapidly from below, 
there appear, here too, markedly curved parts of the slope, which recede 
upwards and take on the function of convex breaks of gradient. In par- 
ticular, they are markedly visible when the acceleration of erosion has led 
to the formation of slopes of maximum gradient (p. 158). 

The break of gradient t1 a discontimutty im the slope; but tt is brought about 
hy a contimious increase tr crostonal intensity. For the first time we are meet- 
ing the case of a steadily acting cause producing a morphological discontinu- 
ity. This result is of great importance in the evaluation of the convex 
breaks of gradient that are being considered here and that play a highly 
significant part among the world’s land forms. It wil] be referred to 

Just aa increase of erosional intensity goes on steadily, 30 does de- 
crease. "Thus the concave profiles of waning development are also in 
reality continuously curved. The same naturally applies also to those 
profiles which develop when the general base level of denudation re- 
mains constant, and which suffer fattening to the utmost possible 
amount. For at each moment there arises here also a fresh, very minute, 
slope unit of an inclination steadily becoming somewhat slighter, These 
combine to form an unbroken concave slope. In fact, even the transition 
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from cliff face to basal slope is no sharp nick, as can easily be seen in 
mountam regions, but a more or less strongly re-entrant curve. ‘The 
only place where this cannot be clearly seen is where talus reaches up to 
the foot of the cliff, covers the concave transition between the surfaces of 
denudation, and in its place allows a sharp nick to appear between the 
cliff and the detrital accumulation. 


5. RISE IN THE GENERAL BASE LEVEL 
OF DENUDATION 

Deposition by rivers brings about a relative rise in the general base 
level of denudation, whether it occurs in valleys or at the edges of a 
tectonically independent part of the crust where the general base level of 
denudation coincides with the immediate base level of erosion (p. 128), 
Similar results are brought about by a relative rise in level of standing 
Water to which denudation surfaces are directly tributary. Processes of 
this kind will be termed, for short, elevation or rise of the general base 
level of denudation. They are changes which do not induce any altera- 
tion in the type and shape of the slope units connected with them. It 
is not till denudation finds a continuously changing, relatively rising, 
base level that these alter. The resulting features represent a special 
case of waning development, naturally not that of waxing or of uniform 
development, In this discussion reference may be made to the previously 
drawn profiles. 

The concave nick, where the surface of the alluvium, or the water 
level, joins the given slope unit, is the hbase level of denudation. Whether 
it remains as such depends on the rate at which this base level rises in 
comparison with the rate of development of the adjoining slope unit, In 
the case of a cliff face, the base leve! of denudation must be raised at the 
sume rate as this recedes, if it 1s continuously to adjoin a cliff with the 
same angle of inclination as before; in the time the cliff takes to retrent 
from ¢ 1 to aa’ (fig, 3, p. 197), the base level must reach at least the level 
of point a. If it lags behind, a basal slope develops above it, the lower 
parts of which become buried; and even when so shortened, this separates 
the clitf from the general base level of denudation. Flattening of the 
basal slope cannot take place so long aa the base level continues to rise at 
the same rate, Slower rising would leave proportionately larger parts of 
the basal slope visible, it would be possible for ite normal slope of 

liminishing gradient to appear [at the bottom of it}; until, in the limiting 
case, when the general base level of denudation is no longer being raised 
at all, fattening continues undisturbed. When slope units develop more 
slowly than the rate at which deposition, or the water level, is rising, they 
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are buried. This obviously takes place more readily and more frequently 
on slopes of gentle or moderate inclination than on steep or precipitous 
slopes. 

Slope units, that are being drowned, preserve their gradient only when the 
rate at which the base level of denudation is rising, keeps pace with or sur- 
passes the rate of growth of the respective slope units, This is made clear in 
figure g A. A cliff face adjoins the river f. In successive units of time it 
moves into the positions ;'a,, @4'a,, t'a,, and a normal basal slope ¢ 
would develop below it. But the river is aggrading, and the level of de- 
position rises in the same unit of time to ¢,, f,, 4). This, according to our 
premisses, is more than the basal slope can grow upwards, and more than 
the amount by which the cliff is receding. Under these circumstances, 
no norma! basal slope can develop; if it has already been formed, it soon 
disappears under the rising floods of sediment or water, still retaining its 
gradient. However, the lower parts of the cliff cannot be simply buried 
in the same way, i.e. covered up whilst retaining their form and gradient, 
since denudation of the cliff face and the rise of base level are at any 
given moment simultaneous processes. 

If, in very minute intervals of time, denudation and deposition fol- 
lowed one another, then, after the first unit of time, the cliff face would 
be in position a,’ 4. There would be a minute basal slope t a,', but it 
would be buried under the alluymim which has meanwhile risen to #,1. 
The upper surface of this is now the base level of denudation. At time 
two, the cliff would be in position x a,, from 1 a new minute basal slope 
ix would have been formed, which again would be buried by the 
material that had risen to f,2, ete. Below this material, therefore, there 
would be a slope with many steps (thick pecked line), removed from any 
further denudation; its mean gradient would be greater than that of the 
normal basal slope ¢ #’, but less than that of the cliff. The slope which is: 
actually formed and which is covered up at each moment of its upward 
development is, however, not broken when the base level of denudation 
is steadily rising; but because of the simultaneous working of denuda- 
tion and deposition it is uniform. It is represented by the straight line 
t—-1-2~—3 which comprises all the infinite number of steps, chosen so 28 to 
be sufficiently small, of the type ft a1. The result is valid for any slope 
unit of any given gradient whatsoever: if the general base level of denuda- 
tion rises more guickly than the adjoining slope unit develops, the slope writ 
is preserved at the base level: but below it there arises, and is drowned ar it 
arises, a gentler slope which ts more steeply inclined than that normal slope oy 
diminishing gradient which ts developed when the hase level of denudation 
remains fixed. | 

The uniform rise of the general base level of demudation, as here 
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assumed, occurs only in special cases and for a limited time. In its 
essence it is.a process which is not uniform, which is accelerated at the 
beginning and then decelerated towards the end. Even when the causes 
continue to work in the same way, deceleration must take place, since the 
denudation surfaces of the district as a whole play the part of inclined 
sides to a receptacle receiving the upward growing alluvium or water. 

That receptacle is wider at the top—the widening being greater the 
flatter the average slope of the land concerned— and so, if the level is to 
rise by the same amount in successive units of time, there must be an un- 
limited increase in the supply of material filling it in. This is conceivable 
in parts of the crust which are sinking uniformly, or with accelerated 
movement, where the surface subjected to denudation becomes in the 





end completely covered by transgressing sediments of marine or contin- 
ental origin; but it is unthinkable i in regions that are in any way moving 
upwards, at rest, or 1 roing decelerated subsidence. It may be con- 
sidered normal, especially in the continental areas, fora rise in the general 
hase level of denudation to take place with deceleration. 

Fig. 9 8 illustrates how this takes place. Suppose a cliff face to adjoin 
the ¢ base level of denudation ¢. While it recedes in successive 
periods of time (of equal length) to aj, @y, @), the base level rises at the 
same time to f,, f,, fy, i.e, by ever smaller amounts, or more slowly, And 
it has been assumed that, in time one, the base level of denudation rises 
more quickly than the normal basal slope can grow wpwards: the buried 
fragment of slope ¢ 1 is steeper than the basal slope (as shown in fig. 9 A). 
From the upper surface of deposition f,1 there arises as before a cliff 
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1 -a@,. In time two, the rise from /, to f, just corresponds to the rate-of 
growth of the normal basal slope; this (1-2) is buried, Yet still there rises 
out of the alluvium, f,2,:0 cliff. 2a, In time three, however, the rise of 
the base level of denudation has.already slowed down: from the alluvium 
fj there rises the upper part of the growing basal slope (3-3'), no longer 
entirely covered up, and above it the cliff (3° a,). In time four, because of 
their different mdividual intensities of denudation, they have reached 
4-4° and 4° a,, At that stage the general base level of denudation is rising 
more rapidly than the basal slope develops (i.c. than its normal slope of 
diminishing gradient grows), The part (3-4) of the slope that has been 
covered up during period four, when the alluyium rose to f,, is gentler 
than the basal slope but steeper than its normal slope of diminishing 
gradient. ‘This latter appears only during period five (4-s), covered by 
alluvium (fy-5), above which the basal slope (5-5') and the cliff (5°a,) 
rise up. Ln time six there appears above the surface of the alluvium tb 
(sic, 7 f\6] a fragment of the slope of diminishing gradient (6-6'), no 
longer covered over; and above it the basal slope (6"'—6) and so on. 

Slopes which are becoming buried by material accumulating with decel- 
erating growth, have a convex profile. Thetr curve is continuous, provided 
the deposition ta steady; when the general base level of denudation rises 
discontinuously with panses, the slopes are divided wp by convex breaks 
of gradient and so broken, Above the parts which are burned and 80 with- 
drawn from denudation, there comes a region of progressive denudation 
and flattening, and Concave profiles of waning development appear. 
Usually such convex slopes, developed under a covering,* also continue 
downwards, since the deposition is, as 4 rule, linked to decrease and 
cessation of erosion, ie, to waning development. A picture of such a 
complete system of slopes can be obtained by adding a concave profile at 
the left hand side of point ¢ m fg. 9 Bas in the fourth position of the 
slope in fig. 3, p. 137. Such profiles are specially characteristic of the low 
hilly relief formed in homogeneous Devonian shales and greywacke 
which are overlain by Pontian and Levantine beds in the neighbourhood 
of Constantinople [Istambul]. The valley sides, immediately above their 
buried floors, are concave, passing up into continuously convex curves 
and then merging into the flattish slopes of the Thracian peneplane, 
which was formerly partly submerged by the youngest horizons fof the 
later beds} but only at its edges. On the peneplane, concave profiles 
again predominate, The buried hilly landscape!** was thought due to 
the preservation of youthful forms, ‘hat is incorrect, ‘The buried forms 
which appear to be entrenched in the peneplane surface cannot be those 
which characterised the denudation landseape before and Sortie sce 
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dation; it presumably had steeper mean gradiente and greater relative 
heights, and it was only during the transgression that the buried forms 
originated from it. This is made plain by the convexity of the upper 
parts of the valley sides, which might well be regarded as.slopes de~ 
veloped under a covering. They might, however, also be interpreted as 
forms of waxing development, and there would be no difhculty ansing 
from the fact that the convex slopes change downwards into concave 
ones, the flanks of extremely wide trough valleys, For it will be shown 
that in cértain parts of rising crustal segments, it is the rule for waning 
development to follow the waxing type. It would be desirable to have 
fresh investigations made in the regions of the ‘lhracian peneplane. In 
that connection, attention should be drawn to the extraordinary way in 
which Devonian sediments in the strata below the transgressing Neo- 
gene have been worked up. A zone of soil, several metres thick, has been 
found, and this (especially towards the upper margin of the buried 
valleys, and so towarda the heights over which the peneplane extends) 
allows the underlying greywackes to pass quite gradually into the over- 
lying Neogene sands and gravels, This makes it improbable that the 
sinking of the land and the transgression associated with it occurred very 
quickly, and that previously produced denudation forms were buried 
intact. ‘Che buried land appears far from being intact fi.e. it shows signs 
of weathering] and this is increasingly so in its upper parts, which seems 
to indicate that it is really a matter of slopes developed under a covering, 
If that be proved, it would mean that there was hilly country before the 
‘Thracian peneplane replaced it; and that this latter is therefore to be 
classed as an end-peneplane or peneplain. 

This is 2 general indication of the extraordinary importance which 
the marginal zone, between the areas of deposition and denudation, 
possesses for the evaluation of peneplanes. For here, if anywhere, there 
is a possibility of finding a part of its previous history preserved in the 
form of an earlier relief below the correlated® strata. If this preceding 
stage is another peneplane, ic. a graded transgressional surface of con- 
tinentul origin, then the peneplane in question can obviously not be an 
end-peneplane, a peneplain, which developed from what was previously 
tore dissected mountainous country. ‘These most important relations 
will be considered in detail later. 


9. INFLUENCE EXERTED BY ROCKS OF HETEROGENEOUS 
CHARACTER UPON ‘THE DEVELOPMENT OF SLOPES 
So far, in our investigations into the origin.and development of slopes, 

it has been assiimed that the rocks are of a homogeneous character. 

[* Bee glossary] 
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The results obtained are neither altered nor limited by the influence 
which has been exerted on the course of denudation by the variety found 
in the composition of the earth's crust. That influence is based on the 
different resistance of the various types of rock on which—other things 
being equal—the intensity of denudation depends, In cach type of rock 
—whether of great or small resistance—the development of slopes follows 
the same laws, But the speed varies, and the maximum gradient for any 
slope unit differs according to the prevailing character of the rock. More 
intense denudation in a region of less resistant rocks means a swifter 
rate of development and growth of the slope units; and consequently 
more rapid fiettening as compared with analogous processes in more 
resistant surroundings, When there occur side by side rocks, which on 
account of their composition, texture, structure or bedding react differ- 
ently to denudation, multiform changes of slope occur: the same angles 
of slope occur in slope units of differing stages of development; and slope 
units, which have had the same duration and degree of development, 
have different gradients as well as different surface areas. 


STRUCTURAL Base Livers or Denupation 

The features of an area in which there is variation in the character of 
the rock are well known. Earth sculpture leaves the strong parts standing 
out from their less resistant surroundings. In fig. 10 [p. 168) the profile 
iliustrates the course of development and the rules that apply. It bepina 
with a slope unit #1 which at the given time just touches, at point y, the 
outcrop of a very much more resistant rock, such a3.an eruptive dyke B, 
For what first happens, the way in which the slope unit has developed is of 
no importance. Should it result from uniform development, the base level 
of denudation F would coincide with a water-course; in the case of waxing 
development, a steeper slope FA would follow below F: in the case of 
waning development there would be a gentler slope Fx below F, 

In the region of rock 4, the slope unit recedes in successive periods of 
time into positions shown by the numbers 2,3 and 2°,3’, ete;: in rock H, 
however, it would reach only x @,' on account of the lessened intensity 
of denudation here—taken as one tenth of that in A. The surface a,’ 
#a, of B is laid bare. It ia not preserved, however, since from the 
moment tt has been laid bare, it also is exposed to denudation. The 
maximum gradient a,a,° that can be reached by rock A is realised, since 
the position of rock a,x a, is deprived of any support, i.e. is undercut. 
This undercutting takes place to the same extent in any successive 
moment of time, so long as 2 slope of the gradient and of the rate of 
development of slope unit | adjoins it below in rock A. While this, in 
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time two, reaches 3' a, and then a,, in B the undercut slope must keep 
its maximum gradient and move to a,a, and aga,', even if by itself it 
would recede, not at the same rate, but more slowly through spon- 
taneous denudation. The rate of development of the lower slope unit deter- 
mines that of the slope above, which ts steeper in the more resistant material. 

As to the slope above the outcrop of B: it recedes with the speed 
characteristic of rock A, but in no place can it be deepened below the 
outcrop of rock B which is being denuded more slowly. Below the slope 
unit that receded to 2 5, in time one, there appears a slope of diminishing 
gradient r 4,, which in its turn is undercut during its formation by the 
simultaneous shifting of the rock boundary from r to aq’, It can easily be 
seen that the little undercut slope a,’ cz, which actually appears in time 
one, is bound to have just such a gradient that denudation on it (rock A) 
works at the same rate 2s on the steeper slope below (rock B). Above the 
exposed rock of greater resistance there arises a concave projie of teaning 
development. In these early developmental stages, however, the concave 
slope is convexly curved against the boundary of the rock outcropping 
below it, and yet still above the [actual] boundary against the more 
resistant rock which is giving rise to the feature as a whole. This steepen- 
ing of slopes, with an approximation to steep steps following below one 
another, due to more resistant types of rock, can often be seen. 

The slope, originally homogeneous, has been broken by the exposure 
of a body of more resistant rock. A number of breaks of pradient have 
appeared which separate the newly produced slope units and act a3 local 
hase levels of denudation. In relation to these, the slope units develop 
independently, In the third position of the slope they are represented by 
the numbers I-V, 

‘The breaks of gradient are of two types: the one act 15 associated with 
rock boundaries. In the diagram, these are labelled a,, a5, a, and so on 
(type a), and ay’, a,’, a’, etc. (type a’), They do nol migrate upslope, and 
do not vanish in the highest parts; but they follow the shifting of the rock 
heundaries brought about by denudation, and every moment they are pro- 
duced afresh at those places. We call them structural base levels of denuda~ 
tion, since they are connected not with the drainage net but with the structure 
of the crust. They arise wherever rocks of different resistance are heing laid 
bare on a slope, and they are independent of the position and behaviour of 
the general base level of denudation, In function they correspond exactly 
to local base levels of denudation in homogeneous rock. ‘Their arrange- 
ment is always stich that a convex break of gradient appears at the rock 
boundary on the uphill side, and a concave break of gradient on the 
downhill boundary, provided that the outcropping rock is more resis- 
tant than its surroundings. If not, it is the other way round, 
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The second type of break of gradient behaves normaily: the breaks 
are formed at the strictiral base level of denudation and from there 
migrate upslope. Ifthe character of the rocks does not change (differences 
in resistance remain unaltered, and bedding remains the same), slope 
unit [1 is produced, so long as a portion of slope of gradient I bounds: 
rock B on the lower side for a sufficiently long time. When all the slope 
units above III haye been removed in the highest parts, then only two 
breaks of gradient, of types @ and a’, remain. These separate the three 
sections I, 17 and U1 of the slope, which keep their gradients unchanged. 
The gradient of the last named is of course steeper than that of the on- 
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ginal unit F 1; steeper, too, than that of unit | which, since its develop- 
ment has been unaffected, has preserved the gradient af F 1. 

The base level of denudation for ITI is, however, constantly being 
lowered, and on account of this there necessarily follows—as has been 
previously shown—an intensification of denudation and consequently a 
steepening of the gradient: the development of [I] is under the direct 
influence of the denudation on surface 11, and so is influenced indirectly 
by the rate of development of I. In general this rule holds: The wstemsily 
of denudation of the lower slope units ts one of the factors determining the 
development of those parts of the slope which are situated above them mm an 
area there the rocks are of other types and differ in resistance. 

This explains the fact that in land forms with predominantly gentle 
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slopes, ¢.g, peneplanes, the denudation forms are obviously and, within 
certain limits, practically completely independent of the structure of the 
crust. "This becomes evident when we follow up the development in hg. 
10, where it has been assumed that, after time three, slope unit I has 
been replaced by its slope of diminishing gradient, which in its turn just 
touches the part of the slope aya,’ which has the maximum gradient. If 
that part had its base level of denudation a, fixed, it would recede as far 
as a,’ because of its specific intensity of denudation, and in so doing 
leave a normal slope of diminishing gradient II’ below. This, however, 
is being undercut during its formation by the simultancous lowering of 
the local base level af denudation from a, to a,; so it does not actually 
appear, but in its place there arises the steeper slope unit I]". After time 
five, this alone prevails in the region of 22. 

Also, the convex break of gradient of type a’ moves downwards, by 
amounts that become smaller in successive times, This is of decisive 
importance for what happens on the slopes above. If the base level of 
denudation a," were fixed, the normal slope of diminishing gradient IIT’ 
would be found below the slope unit receding to cy. Its local base level of 
denudation, however, sinks to a,’ at the same time, and so no surface HI’ 
appears, but in its place the steeper slope-of diminishing gradient iit”. 
For the same reasons, a gentler slope section is formed below it by the 
end of time six, and so on. It can be seen that waning development Is not 
fundamentally disturbed when a more resistant type of rock outcrops on 
a slope. ‘The concave profile appears, but it is interrupted by a convex 
break of gradient at the boundary between resistant rock below and less 
resistant above, For waxing development an analogous statement may 
be added: The convex profile is interrupted by a concave break of 
gradient between less resistant rock below and more resistant above. 

With waning development, flatter and flatter slope units approach the 
rock mass B from below. Therefore flattening progresses more and more 
in its neighbourhood, and so the breaks of gradient at its boundaries be- 
come ever blunter. A comparison of the slope positions 3 and 7 brings 
out the diminution of the feature which is interrupting the slope— 
caused by the exposure of rock 2. This interruption can disappear anly 
when the lower part of the slope (in rock 4) has reached the smallest 
possible gradient and therefore has been removed from further denuda- 
tion. Then the flattening in rock B catches up with it. But even before 
that, the disturbance in the slope may not be noticeable. This occurs 
when there is little difference in the resistance of the rock materials. 

Here is an important general relation: If slope units occur in rocks of 
a varied nature, the difference in-gradient for a given difference in rock 
resistance is greater, the steeper the mean gradient of the slopes. Since 
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this mean gradient is an expression of intensity of denudation, the above 
statement means: the more rapidly denudation is effected, the more 
markedly apparent become differences in the character of the rock. 
Adaptation of denudational form to erustal structure is a Junction not only 
of the duration (p. 49) but above all of the intensity of denudation. There- 
fore the way in which the character of the rock causes subtle adaptations 
in-individual forms ws, for example, in the Alps (steep relief) is to be con- 
trasted with the far-reaching independence of crustal structure found in 
peneplanes (flattish relief). ‘his independence is by no means complete, 
as the above investigation shows, and as is apparent to the eye; but it 
causes mterruptions of gradient to become imperceptible when they are 
due to small or moderate differences of resistance in the rocks. On the 
other hand, the greater differences of resistance are by no means wiped 
out morphologically from peneplaned landscape, but are preserved as 
convex prominences standing out where the most resistant types of rock 
occur. In American literature they are termed monadnocks: German 
writings use the far better expression coined by Spethmann—/Harl- 
fing! **, 

When differences in the rock are less than has heen assumed for fis. 
10, the structural base levels of denudation form more obtuse angles. To 
convince oneself of this, suppose that in fig. 10 rock R (but not rock 41) 
possesses a slighter resistance. Then slope unit Il of maximum pradient 
is less steep than in the figure; and so it joins the units above and below, 
the steepness of which is unchanged, in more obtuse angles, This is true 
for all the developmental stages in which flatter and flatter portions of 
slope approach the rock boundary AB. In a more advanced stage the 
concave and convex breaks of gradient, which interrupt the slope at the 
rock boundaries, become still less noticeable than in the diagram, Taking 
4 certain mean gradient, ¢.g. that in fig. 10, the structural breaks of 

‘adient are more obtuse, the smaller the differences in rock material; 
and when these become nil, the breaks disappear altogether, ie. the 
slope has a uniform gradient, uninterrupted W any angle on its surface, 
whether re-entrant or aalient, For @ given gradient of meeditum slope, the 
adaptation of indtvidual forms to crustal structure is more pronounced the 
greater the difference in rock resistance. 

Among the innumerable and varied combinations of rocks of differing 
resistance, one group has for long been specially noticed on account of 
the conspicuous features associated with it: the alternation of layers of 
different resistance in flat-bedded [i.c. unfolded] strata, They are the 
prerequisite for the formation of a special type of land form, scarplandr, 
and seem to afford the simplest illustration of the most strict adaptation 
of individual forms to the character of the rock. The example of ‘scarp- 
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lands which has been the most studied and commented upon is that be- 
tween the Fichtelyebirge and the Black Forest. Resistant strata of Trias- 
sic and Jurassic age, mostly permeable rocks with considerable cohesion 
and stability, form steep escarpments of varying height and different 
gradients; and between them lie widely spread, flattish landscapes, pene- 
planes, extending over strata of less stability, usually impermeable and 
mobile sediments, rich in clay content. Near the step below them, these 
reach out on to the firm rock of the step. R. Gradmann has shown?" 
that these peneplanes are no peneplains in Davis's sense; and that the 
steps are not tectonic formations arising from or coinciding with fexures 
or faults, as has often been stated, though this view is in but slight accord 
with the facts observed. His conception of the part which denudation 
plays in fashioning scarplands is an important and far-reaching step 
forward as compared with other less satisfactory explanations. He thought 
that peneplanes developed from the lowering and flattening of the ndge 
erests between deeply incised valleys, durmg a period when erosion was 
at astandstill. 

It is only over this concept, already considered on p. 142, that we will 
here linger. A period when erosion is at a standstill implies a fixed posi- 
tion for the general base level of denudation. This has been assumed in 
the simplified profile of fig. 11. Above its foot ¢ rises a slope f 1 which 
extends over the almost horizontally bedded strata a and 4, differing in 
their powers of resistance. It has the greatest gradient posaible. For sim- 
plicity’s-sake, it has been assumed that all the layers marked 2 and all 
those marked 5 behave in the same way with respect to cach other. How- 
ever, a, is a water-bearing horizon, which the higher a beds are not. 

The construction must orice again be based upon definite quantitative 
assumptions as to the intensity of denudation. There can be free choice 
of the values, without any effect upon the qualitative result. But it must 
be borne in mind that, in the more resistant rocks, denudation needs a 
longer time to produce a slope of diminishing gradient of specific in- 
clination than in the less resistant aurroundings. ‘Thus, within a definite 
period of time, the slope of diminishing gradient produced in the more 
resistant beds is steeper than that on the others, The greater, therefore, 
the difference shown in the angles of inclination of the slope units at the 
same stage of development, the greater are the differences in resistance 
that have to be assumed to exist between adjacent types of rock. A cer- 
tain margin is allowable in this, but once the differences are settled, the 
angles of inclination within the respective zones of rock must be kept un- 
changed. The type of the resulting form of the slope does not depend 
upon that choice, but only the actual gradient of the slope units com- 
posing it at a definite moment of time. ‘This latter does not concern us 
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here. For the sake of clearness, the profile has been situplified in a 
manner which in no way affects the result: in each space between two 
rock boundaries, ie, within each zone of independent development, 
when concave profiles appear, an infinite number of slope units has not 
been drawn, nor even a great many, but only a few; and thus there seems 
to be a greater difference of gradient between them than there js in 
reality, Hence the concave breaks of gradient appear relatively sharp; but 
in nature there is a continuous curve and not a sharp nick at these points. 

The profile can now be understood. According to-assumption, the ori- 
ginal position ¢ 7 has the maximum gradient in ail its parts, This ‘is 
steeper in rock 6 than in rock a. Because of its specific intensity of denu- 
dation, determined by the gradient and by the characteristics of the rock, 
each of these parts of the slope would be displaced upsto neh é definite 
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amount in unit time, leaving behind a normal slope of diminishing 
gradient. For the a layers, these amounts may be seen in the first three 
positions. For the assumed character of the rocks, these amounts are 
greater than the spontaneous recession of the maximum slope in the 
wones 6. In the lower layer of b, this becomes visible only in positions 
¢-6; in the upper one, in positions 4-16 [(sic) ? 1 3-16], A normal slope 
of diminishing gradient, however, can arise only in zone a,, icc. the 
water-bearing horizon; since, in the first place, here alone is there no 
undercutting through the recession of a slope unit occurring below: and, 
in the second place, the development is not influenced by the layer above. 
For the water content makes the rock mobile, in so far as it contains 
colloids, thus allowing it to slide away, and the layer above simply breaks 
off to a corresponding amount. Landslides (slumping) (p. 103) brought 
whout in this way outstrip the spontaneous denudation occurring in the 
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layers above a,, and push the whole step back while maintaining its maxi- 
mum gradient. ‘I'here 1s deceleration as soon as the slope of diminishing 
gradient ¢ x has extended up as far as the boundary between a, and 5. 
Along its slighter inclination the material, assuming a constant water 
content, slides over a smaller area, moves more slowly and its migration 
slackens. From that time on, all the slope units of maximum gradient, 
occurring above, move back into the hill side, each at its own charac- 
teristic rate, which for the 4 layers is less in unit time than before (since 
there ts now no powerful undercutting), "The breaks of gradient asso- 
ciated with the rock boundaries are displaced at a slower rate, and so 
concave partial profiles appear within the individual rock horizons. Ab- 
normal conditions may arise temporarily, if denudation works more 
quickly in a zone of mobile rock and maximum gradient (such as a,) 
than in the more resistant layer (b) above it. If, however, a is deficient 
in colloidal substances or in water ‘content, etc., it cannot slide away 
from under 4, In a similar way and for the same reasons as in the rela- 
tionship between rock wall and basal slope (p. 140), there arises an exten- 
sion of the steep slope downwards, and the sharpest concave curve is no 
longer found on the rock boundary itself, but below it (zone a,, positions 
5-11). This can be observed in the pediment of cuesta scarps: the less 
resistant underlying beds with oversteepened surface gradient often 
share in their construction. 

The problem here examined is a special case of waning development, 
In course of time the whole slope system becomes flatter'*" and acquires 
a concave cross section. With this, the disturbance of profile caused by 
petrographic differences becomes less and less. ‘he stepping of the 
slope disappears, first of all in its lower parts (see position 34). Denuda- 
tion reaches its jroal earliest in the neighbourhood of the general base 
level of denudation; here the slope unit with the smallest possible 

‘gradient (¢ y) appears first. Until that has reached up to the lowest rock 
boundary (between a. and 6) and the undercutting of the upper stratum 
ceases, there is no possibility of its formation in 4. The steepest slopes 
last longest in the highest parta, even if these consist of but slightly resis- 
tant rocks. ‘The gradient is then smaller than if resistant types of rock 
formed the heights. Consequently it is impossible for the searpland pene- 
planes to have arisen, during a time when erosion toast at a standstill, by the 
flattening of the ridge crests while the steps were preserved, An extensive un- 
dulating landscape of the peneplane type cannot develop out of a high 
upstanding ridge crest by surface denudation alone. Instead, with 
waning development a ridge crest never becomes anything but a mdge 
crest, sharp-edged if steep slopes meet (see position 13; F 5 ts the per- 
pendicular dropped from the ridge), or rounded if gentler slopes 
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intersect. Such would occur in a zone of but slightly resistant rock which 
had reached a far advanced stage of flattening: e.g. position 22, rs’ being 
the perpendicular dropped from the ridge. 

‘This brings us close to the problem offered by the cuesta landscape. 
The sharpness of its scarps, of the lowest as well as of the uppermost, 
demands continual renewal of the structural base levels of denudation, to 
at least the extent of remaining the same, and that during the peneplana- 
tion of the differences in level between the individial steps. This renewal 
can be brought about only by a network of eroding water-courses which: 
are working 30 a8 at least to preserve the slopes arising from it. The 
very formation of peneplanes demands the existence of a drainage net on 
them. This takes over, or took over, the part of general base level of 
denudation for the denudation and development of the flattish slopes 
occurring Where the rock had but slight resistance. But if such a drainage 
nét exists, or has existed, there must have been from the very first the 
possibility of its developmerit, even in the region of rocks of slight resis- 
tance over which the ‘stepped peneplanes’ extend, That presupposes all 
original surface on which the ‘soft’ strata outcropped between the resis- 
tant layers and offered places upon which a stream system could develop. 
R. Gradmann has derived the scarplands from auch an original surface 
(see his profile, loc. crt., p. 127), correctly, as is shown here. It is no mere 
construction, nor only a theoretical necessity; but fragments of it are still 
clearly recognisable at the present day. The previous existence of a suT- 
face, which cut across the outcropping members of the whole set af 
strata at an acute angle and from which the scarpland was carved out, 13 
a fact. That surface, of course, was not a peneplain. 

The existence, side by side, of scarps and of widely extending pene- 
planes between them: presupposes the individual parts of the drainage 
net to possess different values as general base levels of denudation. In 
this respect there may be distinguished: (a) the main branches which 
could cut through the scarp ridges, i.e. which are incised below the out- 
crops of the resistant layers in the foundation beneath the peneplune sur- 
faces, ancl possess a direct connection with the general hase level of 
erosion for the area; (5) the ramifications on the peneplanes themselves, 
which erode more slowly, or not at all, above the outcrops of those 
horizons by which they were once, or are still, held ap, It isin relation 
to them that the further modelling of the peneplanes, as well as the 
recession of the final Upstanding scarp fragments, takes place. 

Thus the character of the rock, which determines not only the surface 
denudation, hut even more particularly the erosion, is responsible for 
the origin of peneplanes in the ecarplands. Orher things being equal, the 
intensity of both denudation and erosion is lessened where resistant types 
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of rock occur, and this lessening may have a far-reaching effect in a less 
resistant terrain above the outcrop of the strong rock. Flattish forms, 
peneplanes, are produced not only in scarplands, but also with a different 
atTangement of rocks provided the strong rock lies below, the less strong 
on top, When they are directly connected with the outcrops of resistant 
rock (structural base levels of denudation) they are developed only at the 
margins [of the less resistant beds]. Elsewhere, however, and this is the 
usual case, these peneplanes are related to a drainage net (general base 
level of denudation), the downcutting of which ts retarded, or may in 
the end be practically stopped altogether, above the place where it meets 
that particular outcrop. Such structurally conditioned peneplanes may 
originate at any altitude, They depend only on the arrangement of the 
rocks and their properties, and are independent of the base level of ero- 
ston, ‘They are not forms belonging to an earlier state of affairs, that have 
acquired their present altitude and general position in the surrounding 
landscape by some definite endogenetic movement; but they are adapta~ 
tions of form to crustal material, and as such they are of the same age 
and have the same significance as the steeper forms, developed near by 
in the lower position, H. Cloos has pointed out these relationships in his 
description of Erongo, a South-west African inselberg'**. Extensive flat- 
tish landscapes are found above the steep outer flanks of the mountain 
and the slopes of these face the source region of a stream system which 
Originates in the heights, is impeded in its downcutting by resistant 
tracts of rock and, below these, leaves the massif in deep, narrow gorges, 

The features of adaptation are no less characteristic when the different 
kinds of rock are arranged beside one another metead of one above the 
other, In valleys, which cross successively rocks of different resistance, a 
noticeable change in the valley cross section goes hand in hand with the 
change in rock material. The lesa resistant the rock bounding the valley, 
the less the inclination of its sides, and so the valley width seems greater. 
This holds even when the intensity of erosion is the same at every place. 
In what follows no account is taken of the inconstancy of erosional inten- 
sity which is found along all water-courses, ¢.g. as seen in the alternation 
of undercut and slip-olf slopes. 

For a given intensity of erosion, the sections of the slopes naing above 
the stream, in the less resistant reck a, are flatter than those in the adjoin- 
ing stronger rock 4. In both cases the slope units are at the same stage of 
development. ‘The differences of gradient between them depend solely 
upon the differences of resistance between a and 4, With increasing in- 
tensity of erosion (waxing development) slopes of maximum gradient 
finally appear. These are less steep in a than in 4, and therefore appear 
in a sooner than in 6, Lf a hos already reached ita maximum gradient, 
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whereas 4 has not yet achieved it, increasing intensity of erosion brings 
about increasing undercutting, and consequently the a slopes recede 
vigorously uphill. ‘They intersect in the highest parts while, in 4, slopes 
which are becoming still steeper develup above the stream. Convex pro- 
files (in 5) are then vistble beside straight ones (in @), Tf finally the 6 
slopes meet in ridge crests, these—because of their etcater steepness— 
are relatively higher than the ridges in the region of rock a. 

The relative height is dependent on the nature of the rock material, as 
has been long known and as can be observed everywhere in areas of 
heterogeneous structure, ¢.g. in the northern Limestone Alps. When slope 
units at the same stage of development intersect in the highest parts of the 
country, then, other things being equal, the relative heipht in less resistant 
rocks is not so great as in stronger parts round about. This iz particularly 
clear in cases when the intersecting slopes are on the whole straight (uni- 
form development and undercut slopes of maximum gradient). 

With waning intensity of erosion, concave slopes appear first in rock 6. 
They can be seen beside the straight # slopes until erosion has been dt 
celerated to such an extent that even in rock ¢ slopes of maximum 
gradient can no longer be preserved, 

With the change in rock material, changer come about not only in the 
gradient of the slopes, but at certain stages of development in their shape also. 
‘This is true in areas where the character of the rock varies, both when 
the intensity of erosion is constant and when it fluctuates. Such eondi- 
tions obtain when the rock boundaries do not cross the stream (which 
may follow a line of disturbance), or where the change of resistance to. 
denudation over the whole surface, associated with the rock boundaries, 
does not also imply a change of resistance to erosion. In Thany instances 
this is not the case. Very frequently, especially if there are differences in 
the strength (cohesion) of rocks, the intensity of erosion is-affected in a 
manner analogous to that of surface denudation. [t 18 this above all which 
accounts for the often deep-seated difference found in the shape and 
inclination of the slopes along streams cutting through rocks of different 
strength. A short reference must suffice here. 

A bank of rock, which is particularly strong as compared with its sur- 
roundings, may lessen the down-cutting of a stream ijn the whole reach 
lying above, and may have a lasting influence. ‘The adjoining area of 
denudation [upstream] acquires the concave forme of waning develop- 
ment, and in this way differs fundamentally from the tracts lying im- 
mediately below, The less the strength of the rocks concerned, the more 
progress does waning development make in the area where erosion is 
checked (but not brought to a complete standstill), ‘The concave slope 
systems then recede far back from the edges of the rivers. This effect, in 
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combination with the increased meandering which takes place in rivers 
with impeded erosion, may lead to extensive removal of readily mobile 
rock material. ‘he removal of the Neogene beds from the bread synclines 
of western Anatolia is due chiefly to these processes. There, the hind- 
rance to erosion starts at those spots where the rivers enter the border 
zone of the broad synelines, which has been uplifted by tectonic move- 
ments, and consists of strong crustal material. 

In their origin, the ledge-like denudation terraces, A. Hettner’s Land- 
terrassen’™, also belong here; they are associated with the courses taken 
by running water (i.e they are in valleys) and with the boundaries be- 
tween flat or horizontally bedded strata of different strength which the 
water has laid bare. ‘The most famous example is that of the platform of 
the Colorado Canyon!"*. Such terraces occur regularly in scarplands, in 
close connection with the peneplanes which they continue as ledges along 
the side of the deeply incised valleys into the region of the next higher 
scarp, “The necessary condition for the formation of denudational ter- 
races is that an eroding stream should, at one and the same place, lay 
bare, one after another, rock types of different strengths. ‘Their further 
independent development depends upon the way in which this stripping 
takes place, and on the character of the rocks. Schmitthenner'*? has 
recently given his attention to thia in the northern part of the Black 
Forest, and R, Gradmann in the scarplands (see p. 171 ff.). | 

The importance of the adaptation of denudational forms to the charac- 
ter of the rocks cannot easily be overestimated; for the characteristics of 
the individual forms, as well as their arrangement, depend to a large 
extent, as has been shown in this section, upon the nature and distribu- 
tion of the rocks exposed at the earth's surface. It will be of great im- 
portance, therefore, now and always, to examine those processes which 
effect the adaptation, It may also contribute to further clarification of the 
Processes of denudation. It must be borne in mind, however, that these 
are matters of detail, modifications, and not the fundamental laws of 
denudation and land sculpture. The adaptation is only part of the feat- 
ure; it obeys the general laws of denudation and presupposes the causes 
which make denudation possible at the surface of the crust. ‘This fact has 
often been overlooked. 





io. SUMMARY 
It is now possible to give a complete survey of the ongin und develop- 
ment of slopes. Above streams, to whatever extent they are incising, 
banks grow upwards and become valley slopes. During their formation 
they are subject to denudation over the whole surface; and this, in its 
effort to remove the slopes, works everywhere in the direction of 
MM 
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lessening the gradient. "The smaller the amount of erosion in unit time, 
the longer it takes for inclined surfaces to arise from the erosional tracks, 
and the greater the chance for the simultaneously operating denudation 
to come nearer to its goal. On the other hand: the quicker the downward 
erosion of the stream, the greater the speed with which the valley sides 
grow up above them, but the farther from their goal do the effects of 
denudation remain. The intensity of erosion determines the gradient of the 
slopes rising above the drainage net; the details of their form then depend 
upon the character of the rocks concerned. 

In particular it has been shown that along the lines of the drainage net 
—the general base levels of denudation—fresh slopes of uniform gradient 
are always arising, their denudation is in equilibrium with the intensity 
‘of erosion and must always be so. If the latter changes, a mew slope 
necessarily appears with a gradient such that the above-mentioned 
equilibrium is maintained. With increasing intensity of erosion, steeper 
and steeper slopes arise; with decreasing intensity, they become flatter 
and flatter. Hetween the successively formed sections of the slopes, 
breaks of gradient appear, They denote the levels to which the denuda- 
hon of the uniformly inclined surface above each is related: they are the 
nearest (local) base levels of denudation. The surface of uniform 
gradient together with its base level of denudation make up one slope 
unit (i.e. form system)*. 

Continuous change of eroatonal intensity leads to the formation every 
moment of a very minute slope unit. The breaks of gradient do not be- 
come visihle as such, but a continuously curved slope takes the place of a 
slope system composed of many slope units. It is concave with decrease 
and halt of erosional intensity, and convex with its increase, continuously 
convex only so long as those breaks of gradient, which subsequently 
arise, have not yet appeared [see fig. 7, p. 158]. In both cases there are 
limits to the formation of new slope units: the slopes can become steeper 
only up to a maximum value which cannot be exceeded, and which is 
determined by the character of the rocks: the flattening (diminution of 
gradient) ceases with the appearance of the least possible gradient, on 
which further denudation can no longer take place. 

The intensity of denudation which, for rocks of the given character, 
depends upon the gradient, is specific to each slope unit and determines 
its rate of development. All slope units, except those which are based 
upon the interruption of a slope because of a change in rock material, are 
produced at the edges of the streams of the drainage net, and it is here 
that they obtain their specific gradient. Maintaining that gradient, they 
shift back: parallel to themselves. In addition to this, each slope unit 

(* See glossary, | 
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grows upslope, and at the same time it is shortened and finally replaced 
in the highest part of the slope by the next lower slope unit which is 
always younger, having originated later, As a result of this behaviour the 
breaks of gradient which separate them, i.c. the local base levels of denu- 
dation, move in the same direction, Any slope unit which can at the 
present day be observed in the highest parts must—unless tt belongs to 
the above-mentioned exception—thave at one time immediately adjoined 
Its respective erosional track in the same manner and with the same 
gradient. 

The succession one above the other of slope units with different gradients 
provides a sensitive means of following up the erosional intensity et a defimte 
place: a convex slope is proof of an increase in erosional intensity, a concave 
form proof af decrease, Changes in rock material may produce deviations 
from the normal form of slope. However, these do not obliterate the 
concave or convex type either everywhere, or permanently, and do not 
interfere with the sureness of this diagnosis. Hut it must be borne in 
mind that in many ¢cases—always for waning and uniform development 
—the majority of the older slope units in the highest parts have already 
disappeared and been replaced by their younger successors. Even for 
waxing development, preservation of the oldest slope units is by no 
means the rule, Therefore, for a given area, the form of the slope does 
not always record the whole of the development up to the present day, 
but generally only the last phase of the erosional intensity, And so a 
complete investigation into the facts must take into consideration further 
characteristics, especially as regards the correlated deposits* and the 
surfaces on which they rest. 

Upon investigating the conditions associated with change in. erosional 
intensity and its causes, it becomes quite clear that the form of the slope 
is of outstanding importance as a means of dingnosts. It also helps in 
deciding the often discussed question as to how the drainage net of the 
German Highlands has created its present visible effect, the valleys. 
There is no lack of answers, The problem arises partly because of the 
small amount of erosion which can be proved to be taking place at the 
present day: partly because the changes along the drainage net since 
glacial times are noticeably insignificant compared with the total extent 
of the existing valley development. From this evidence it has, on the one 
hand, beer deduced that erosion is working continuously but at a rate 
which might be considered infinitesimally slow aa far es one can jude; 
on the other, it has been presumed that there ia variability of erosion, 
especially in view of the way in which normal conditions are interrupted 
by periods of flood which occur only occasionally but are responsible for 

[* See glossary. 
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practically the whole of a river's work. Every river, at least in a temperate 
climate, first of all works rapidly towards a preliminary goal: only to con- 
tinue its almost completed task by merely stagnating, as at the present 
day'™*, According to this view, the German Highiands should possess 
the forms associated with a great acceleration of erosion, i.e. they should 
be characterised by ridges of a flattened appearance, their flanks having 
sharp curves down to the valley bottom; and at their abrupt foot they 
should show the beginning of waning development. 

Such profiles do occur, They are characteristic of the small furrows 
which originated in very recent times, or are now in process of forma- 
tion, on the flanks of already incised valleys. Bur an entirely different 
type may be noticed along those parts of the drainage net which have 
shared, for a longer or shorter time, in the tectonic history of the mid- 
German mse. Within each drainage system, zones can be very clearly 
marked off according to the form of slope, which alone is being con- 
sidered here. ‘There are those in which the main amount of erosion ia a 
thing of the past; and these are separated from others where the gradually 
increasing intensity of erosion has 4 present value that has never yet been 
exceeded. The multiplicity of the phenomena shows the need for specific 
investigations instead of incorrect generalisations. 

To sum up: Any wearing away of land over its whole surface, if 
not due to moving air or moving ice, is connected with the action of 
permanent or intermittent streams. The problem of the pradient of a slope 
turns out to be a question of erosional intensity. When individual regions 
possess slopes with a specific mean gradient, this characterises them as 
gones in which the erosional intensity has a definite mean value. The 
question then arises a3 to what conditions decide this. The problem of the 
form of the slope has been traced back to the way in which the erosional 
intensity developed with the passage of time. What must now be in- 
vestigated is why this should have increased in the one set of land 
regions, characterised by convex slopes, and have decreased in the other 
where concave slopes predominate. 

On the whole, it appears that the seulpturing of land forms by denudation 
it fundamentally linked to the problem of intensity of erosion. 


CHAPTER VII 


LINKING OF SLOPES, FORM ASSOCIATIONS 
AND SETS OF LAND FORMS 
r, OCCURRENCE AND COMBINATION OF CONVEX 
AND CONCAVE SLOPES 


y itself, denudation over a whole surface can produce only concave 
slopes. Differently shaped profiles appear only when erosion takes 
part in the formative process. Erosion, as will be shown, is a process 
which varies from place to place, and from time to time, and is limited 
in space and time; on the other hand, denudation over a surface operates 
everywhere and practically continuously. Hence concave profiles are 
definitely the predominant ones. They are the normal type of form. How- 
ever, they cannot be the original primitive type, for they arise from slopes 
leading down to a drainage net that ts entrenched in the crustal struc- 
ture. And these slopes are not parts of an original crustal surface, such as 
might be supposed to cover a rising fragment of the earth's crust; but 
they are the flanks of sharp erosional incisions. Each concave slope pre- 
supposes a phase of development during which erosion set in and ad- 
vanced to some maximum before coming to an end, In short: waning 
development implies previous waxing development. Concave slopes 
should therefore grade wpwards into convex profiles. This in fact is the 
usual form of slope, eg. in the German Highlands along those valley 
stretches where concave slopes rise from streams eroding at a diminished 
rate, or that have now ceased to erode at all, provided that these slopes 
have not-already removed those of preceding stages, and so reached up 
to the intervalley watersheds: This simple arrangement is specially 
typical of reaches in the upper courses and head waters of the drainage 
net found in the German Highlands and of the belts of dissected Meso- 
zoic strata between them. The phenomenon ts not peculiar to the Cen- 
tral German Rise, but occurs all over the world and presents a definite, 
general problem: what are the causes leading, at these places, to periods 
of acceleruted erosion followed by periods of decelerated erosion? 
The question is the same for the terraces, stepped serics of shelves 
which here and there divide up the valley slopes and which have ori- 


ginated from former valley floors. "They consist of several alternating 
Bt 
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concave and convex profiles one above another; and in the first place they 
signify merely a repeated change from acceleration to deceleration of 
erosion along the valley stretches concerned. In the region of the Central 
German Rise, terraces are found chiefly along the main lines of the drain- 
age net. On the slopes of the Highlands they can be traced from the 
heights down nearly to the deeply entrenched valley mouths. But there 
they often disappear completely; and the stepped slopes which, as they 
approach the valley floors, have their steps ever closer and closer to- 
gether, are then replaced by umform convex slopes or by steep slopes of 
maximum inclination. Moreover, this behaviour is a general feature 
where terraces occur, and shows clearly what a complicated problem is 
presented. Justice 1s by no means done to this complesity in the usual 
interpretation given for uplifted terraces, viz.: uplift—erosion, then con- 
ditions of rest, followed by a renewed jerk of uplift—erosion, ete. Such 
an interpretation results from the faulty premise: uplift, with denudation 
setting in only after this has been accomplished. 

Concave and convex profiles appear not only above one another but 
also adjacent to each other in one and the same form association. 
Wherever the valley floor is not completely occupied by the stream be- 
longing to it, this change ts brought about by the inconstancy of the river 
meanders. They do not always touch and undercut the valley slope at 
one and the same spot, but they shift the undercut slope downstream. 
Where undercutting occurs, whether the erosion is solely lateral or is 
combined with downward incision, slopes of maximum inclination ap- 
pear, or else convex ones; close by, at those parts of the slope which the 
stream just fails to touch, concave profiles develop. ‘The occasional con- 
vex profile found in valley stretches where erosion has slackened, or even 
ceased, are of this type. As a concave profile is the determining morpho- 
logical element in such conditions, the effect of these convex ones is 
never very marked. Conversely, concave profiles are not impossible in 
valley stretches where increasing erosion is in full play and convex slopes 
are predominant, The individual slope profile has a diagnostic meaning 
only for the particular place at which it occurs. It reflects the course of erostort 
there, [t does not, however, say anything about the development of erosion 
within the whole set of land forms to which it belongs, let alone about the 
development of the whole tectonically uniform block. In its individual parts 
this may have entirely different types of denudational relief, to one of which 
this particular profile belongs. 

Thus attention must be focussed on that type of land form which by 
its constant recurrence gives the characteristic imprint to the form 
association, Slope profiles are very often combined in such a way that 
those sloping towards streams of the same type or of equal power are 
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consonant with one another, and fundamentally different from those 
which accompany the branches of a drainage net belonging to a different 
order. Plate IIT, illustration 3, shows very clearly that main slopes. are 
concave—obviously they are growing up from a general base [evel of 
denudation which is falling at a diminishing rate or has already become 
fixed. It further shows that they are dissected by gulleys which are 
vigorously deepened whenever water runs into them, so that they are 
bounded by convex curves. Here the eroding lateral tributaries contrast 
with the main lines of the drainage net where erosion has ceased, This 
arrangement within the form association is extremely characteristic for 
certain regions. It is, for example, found regularly along the wide- 
floored main lines of the valley network in the Central German Rise (see 
amongst many others, the Wupper and Salza valleys in the Mansfeld 
district, the valley of the Mulde coming down from the Erzgebirge, the 
Saale valley above Hof, etc.), Here concave slopes rise up from the valley 
floors, and these completed slopes are the inclines on which new lateral 
tributaries develop. As te worked out ina later section, these side branches 
are intermittent watercourses, or they may even already have become 
perennial; and their immediate base level of erosion is practically fixed, 
since it is the floor of the main valley which is not now being any further 
deepened. They have to catch up with all the erosion already accom- 

plished by the main river. They are outside any endogenetic influence, 

and unlike the main rivers, they did not receive their impulse to erode 
from the uplift of the block on which they flow. Instead they behave like 
streams which do their work on a motionless block, with an intensity 
determined by the already fixed gradient, Here, this 1s quite a significant 
amount relatively. The downcutting of these tibutary streamlets, there- 
fore, attains a considerable intensity, and s0 convex slopes are formed, 
These clear connections, however, do not really touch the problem, 
which is concerned with the arrangement shown by the form associa- 
tions, The convex slopes of the tributary furrows, which have frequently 
developed i into extensive branching systems, may give a characteristic 
appearance to whole tracts of country. As one gazes around, the most 
noticeable feature is the constantly repeated rounding of convex profiles 
appearing above them, and, in comparison with this, the concave slopes 
of the main valley tracks fade into the background. Increasing density of 
the valley net, produced by the headward recession and ramification of 
tributary furrows, is obviously in full course of development here. ‘This 
is a feature not found in other regions in which there ts equally pro- 
nounced vertical dissection but where the concave forms of waning 
development are in full possession and characterise the tributary valleys 
as completely as the main ones. In such places increase in density of the 
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valley net seems to have come to an end, No subordinate furrows are 
developed on the completed valleys slopes, or only a very few; and here 
it ig not the convex slopes which predominate, but concave profiles do so 
absolutely. The core of the problem tes therefore tn the question of the dis- 
section info walleys and their tncrease in density, te. the development of the 
valley net. In the one case, the slopes of the main valleys, on which 
dissection into minor valleys begins and progresses towards the inter- 
valley divides, are not very old, Their Hoors—the base levels of erosion 
for the backward working tributary furrows—have not been in their 
present positions very long, and it is only a relatively short time since 
waning development began in the main valleys. In the other case, 
the practically fixed positions of these main valley floors were reached 
fur earlier, and did not undergo any later changes. Thus the dissec- 
tion of their slopes has practically reached the intervalley divides; and 
now the tributary furrows, which at one time were vigorously cutting 
back, are also entirely under the sway of the waning type of develop- 
ment. 

In regions like that just considered, there is only one type playing any 
important part in the form association, in this case the concave slope. 
We may therefore speak of uniformity in the set of land forms in con- 
trast to the combined or mixed features in that of the previously men- 
tioned type. One of the most noteworthy facts about the earth's surface 
is that each of these types occurs tn areas that are separated from one 
anather, 

As an instance of a type which fits in here, we may consider the Scarp- 
lands, discussed in a different connection on pp. 170-175. 


2, CUESTA LANDSCAPE (SCARPLANDS) 

‘This its not the place to go into details. Let us consider the following 
general features that may be observed in south-west Germany; In the 
region of the watershed between the uppermost reaches of the Danube 
and the Wutach, we come across only two units. (a) The gentle uniform 
eastern slope of the Black Forest, which—apart from the vaileys sunk in 
it—shows no division into parts except on close examination, when one 
discovers a stepped effect (not, however, scarplands) which will be con- 
sidered later [p. zor). (6) The Malm acarp, the continuation of the 
Swabian Alb, which, a5 we shall see later on, is a tectonically indepen- 
dent block. The outcropping Triassic-Jurassic horizons between them 
are never associated with denudation scarps, although the series of strata 
—- throughout the special character suitable for producing them, 

his can easily be seen in the neighbourhood of the Wutach, which js 
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eroding comparatively vigorously; the deeply sunk valley is bordered by 
denudation steps, the beginnings of a scarp landscape, and they are 
formed by the same stratigraphical horizons of the Upper Trias (Trochi- 
tenkalk and Stubensandstein), the Lower Jurassic (Arieten- and Psilo- 
notenkalk of Lias) and the Middle Jurassic (Blaukalke of the Sauzei 
Zone) which immediately to the north have not yet led to scarp forma- 
tion. ‘There, apparently, the essential preliminary condition is lacking: 
the uncovering and constant renewal of the structural base levels of de- 
nudation by a drainage net which is eroding, or has at some time eroded, 
with the rather considerable intensity typical of the Wutach or the 
Neckar. Thus very old denudation forms have been preserved on the 
heights between the valleys, which are not incised; and these are frag- 
ments of that surface into which, further north, in the drainage basin of 
the Neckar, the scarp landscape has been entrenched, and from which it 

Somewhat eastward of Donaueschengen, between the slope of the 
Black Forest and the edge of the Malm receding from it north-eastwards, 
there become noticeable—more or less clearly as the Neckar system is 
approuched—the first indications of scarp steps, still gently inclined 
(Arieten- and Psilonotenkalk of the Lias «, to the north, in the region of 
Schwenningen, in addition to the Trochitenkalk and Steinmergel bands 
of the Gypskeuper and Sauzei beds). This is the entrance into the Scarp- 
lands which stretch away in constantly repeated, characteristic forms 
from the summits of the northern Black Forest and the Bunter Sand- 
stone of the Odenwald to the distant edge of the Malm scarp bent out 
far to the east, and reach beyond that, east of the Franconian Jura, up to 
the edge of the Bohemian massif!**. Everywhere in this region two essen~ 
tially different parts of the drainage system stand opposed to one 
another: (¢) the main trunks with their abundant water supply: the Main, 
the Neckar, and their larger tributaries, which are entrenched in the 
scarpland and so have cut through the scarp-forming horizons; while 
above them, close at hand, there occur flattish form associations, often 
stretching out as wide peneplanes; and (4) the ramifications, scantily sup- 
plied with water, which lic on the high surfaces of such peneplunes near 
the sources of the streams and thence work back towards the edge of the 
next higher scarp, which they dissect into lobes. ‘These branches end 
downstream with a break of gradient in the longitudinal profile, connected 
with the same stratum as gives rise to the scarp in question, and the 
associated denudation surface of the ‘tread’ above it; in general, this is 
more sharply pronounced, the more resistant such a scarp-forming 
stratum is to mechanical action. The scarp-forming horizon of the Upper 
Muschelkalk usually gives rise to the sharpest breaks of gradient of this 
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kind, as well as to the peneplanes which reach over from this horizon to 
the Lettenkohle and the Lower Keuper beds, and are the most extensive, 
as well as the flattest, most level of their kind. 

The main lines of the drainage net show the natural features of pro- 
gressive downcutting, which will be dealt with ina later section. Along 
certain reaches the downcutting seems to be in full swing: in between 
there are extensive stretches in which this was the case a short while ago, 
geologically speaking, and will be so again as soon as the eroding sections 
have worked back upstream: On the whole the valleys have slopes of 
considerable mean gradient, which are convex, straight or broken by 
terraces. Usually, but not everywhere, they are joined below by concave 
foot-slopes, and above them outcrop the horizons of scarp-forming strata 
which have been cut through. The longitudinal and transverse profiles of 
the fateral branches, onginating from the above valleys, are very charac- 
teristic; they gnaw gradually into the body of the intervalley divides and 
they lead to a progressive lobing and disintegration of the scarp faces 
overlooking the main valleys and of the peneplanes above these. Near 
their mouths they huve the shape of the main valleys; they are, for in- 
stance, canyon-like and accompanied by rocky walls as far as the main 
valleys are so (like the valley stretches in the Malm, e.g. in the Franco- 
nian Jura); up-valley they rapidly become narrower, as rapidly gain in 
gradient, and are then excellent examples of sharp V-shaped valleys; all 
at once, they widen out into gently sloping, shallow troughs, this taking 
place as soon aa the scarp-forming stratum, and the longitudinal break of 
gradient associated with it, have been crossed (fig, 12, p. 187), 

In such places there te an extremely sharp border line between essen- 
tially different parts of the drainage net, It is far less obvious, but still 
always clearly recognisable, where the headwater tributary, or indeed the 
upper course of a main stream, lies on a scarp peneplane: as, for example, 
the Tauber above Rothenburg. The break of gradient in the longi- 
tudinal profile of the watercourses separates two sets of land forms: the 
mixed ones of the valley entrenched in the scarpland, and the uniform set 
on the intervalley divides, recognisable by their concave profiles, Here 
the denudation forms found are the flattish relief of the peneplanes and 
the medium relief forms belonging to the next higher scarp face. This 
gradually recedes under the influence of denudation, a considerable part 
being played by slumping at the water-bearing horizons, ‘The general 
base levels of denudation for this are the courses of the neighbouring 
streams belonging to the peneplane; and their local base level of erosion 
lies at the outcrop of a scarp-forming stratum at the above-mentioned 
break of gradient. Its level may be considered as practically fixed with 
reference to all its tributary slopes; and denudation here, the develop- 
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ment of the scarpland peneplanes as well as of the scarps nsing up from 
them, is completely removed from endogenetic influence. 

Every portion of such a steep scarp is a slope ready prepared for the 
development of a new watercourse, for example, along the. track of a 
corrasion furrow or, more often, resulting from the issue of a spring, etc. 
They find a strong gradient, consequently they cut down vigorously, 
invade the body of the step (as will be elaborated later [p. 188]) and so 
elongate by means of headward erosion, At short intervals such sharply 
V-shaped valleys, the upper continuations of the shallow flattish valley 
troughs of the low relief lying in front, may be seen encroaching upon 
the upstanding scarps. Most of the streams are intermittent, As rule, 
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and this is what one would expect, the eroding stretch is limited to the 
hindmost section, working up into the steep scarp face, Along the greater 
part of the length, down toa where it runs out on to the peneplane lying 
in front, there is no longer any erosion, Thus the scarp appears cut up 
into lobes, eaten into, with narrow dividing spurs between streams which 
are invading it from the land in front and are responsible for the lobate 
effect. The development of these intervalley divides, which often jut out 
like bastions, takes place in the same way as that of the outer slope of the 
whole step. ‘They in their turn are cut up into lobes by valley furrows of 
a higher order which start from the streamlets just mentioned, There is 
recession of all the scarp slopes which face this increasingly close net~ 
work of furrows eating back into them. A flattish declivity is left behind 
which, in the limiting case, haa the least possible gradient, ‘This, 
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together with the ever increasing density of the network of steep-sided 
valleys cutting into the scarp face, dissecting it into units of smaller and 
smaller orders, very often leads to the well-known breaking up of the 
intervalley spurs into isolated hills which remain for a while as residuals 
in front of the retreating scarp, ‘They have concave profiles and become 
lower as soon as the last remnants of the flattish form system have been 
removed from them (see Plate VIT, illustration 1), They may be con- 
sidered classic examples of waning development. After their disappear- 
ance they, too, leave an intervalley spur, bounded however by flattish 
slope units and belonging to the peneplane in front of the scarp. 

The structural base levels of denudation, which determine the pre- 
servation of the peneplanes adjoming the scarps, are thus renewed from 
two directions: First, they are affected by those powerful strands of the 
drainage net, which have cut through the scarp-forming horizons and 30 
appear entrenched m the searpland. ‘They have been able to effect down- 
ward erosion in every part of their course; in many parts they still, at the 
present day, have power to do this, and nowhere is the possibility perm- 
anently lost, Along these branches of the drainage network, erosion and 
denudation for the last time retain their connection with the general base 
level of erosion, and so are not withdrawn from endogenetic influences, 
Dissection, disintegration and destruction of the peneplanes on the 
divides between these entrenched streams work outward from them. 
Thus the peneplanes or, as the case may be, the homologous flattish 
forms, grow at the expense of the receding scarps rising above them. 
Secondly, here, in the region unattected by endogenetic conditions, scarps 
are preserved as the typical form because of the way in which freshly 
forming and ramifying furrows work back, starting from the foreland 
and cutting sharply into the scarp faces. Thus, parts of the stream course 
which have great erosional intensity, are perpetually invading them, at 
countless places, at the same time; and these are responsible for the in- 
dispensable renewal of the structural hase levels of denudation. 

This shows that there is an erosional history for the network of valleys 
on the scarpland peneplanes; and generally this goes back further, the 
farther the parts of the valley system under consideration are removed 
from the next higher step. Direct traces of this previous history, how- 
ever, are as a rule completely wiped out by the mass-movement of rock 
waste, which is considerable, corresponding to the slight resistance of 
the material, for the most part rich in colloids, of which the country here 
is composed. “The absence of stream channels from many of the shallow 
valley troughs, and even from whole branching systems of them, is an 
acquired characteristic. It is due not only to the extent of the Migration of 
rock derivatives, highly mobile when soaked with water, but just as much 
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to the nature of present erosional activity at the scarp face. For it is an 
established fact that streams, which are but feeble or intermittent, erode 
only at times of flood—as is to be expected. They then incise their sharp 
Vs in the scarps, and so lay out the plan of the valley furrows. It is 
amazing what a quantity of rock material is brought out by a single 
storm from those parts of the valley-course which are farthest back and 
which are usually very steep. As these eat further and further into the 
body of the upstanding step, they leave behind them lengthening 
stretches of lessened gradient, often entrenched far below the 
forming bed so that they come to lie in a terrain of but slight resistance, 
readily becoming reduced to a mobile condition. Such a position for the 
general base levels of denudation necessarily leads to the phenomenon 
first noticed by R. Gradmann, viz. the outcrop of an often very thick 
series of mobile strata on the immediately adjoining concave scarp-faces. 
This may include the whole succession of beds lying between the level 
of the scarp-forming stratum and that of the neighbouring general base 
level of denudation. It appears impossible for the stream beds, thus en- 
trenched in surroundings of mobile rock material, to be preserved for 
any length of time once they have lost their steep gradient and when, 
before that, they were used only occasionally or by what were (at times 
of low water) mere narrow threads. They become closed up by material 
moving down from the sides; and this often happens even before they 
issue on to the peneplane in front. For they lack not only the mass of 
water but also the gradient which together can produce the force neces- 
sary to keep them open’™", 

No part of the drainage net belonging to the searpland peneplanes can 
be deepened below the local base level of erosion. Instead, a gently con- 
cave longitudinal profile is produced, which always rises gradually from 
the break of gradient to the higher parts of the country. ‘The heights of 
the intervalley divides above the valley floors bear a definite relation to 
the erosional curves of the drainage system, the general base levels of 
denudation, They have a similar magnitude; since similarly gentle in- 
clines lead up from the valley bottoms with average slopes that are simi- 
lar or even the same, and intersect on the intervalley divides. For this 
reason the scarpland peneplanes have a general inclination im the same 
direction as their drainage lines. R. Gradmann has already drawn atten- 
tion to thist®?, The scarpland peneplanes may behave in cither of two 
Ways as regards the structure. In the one case they slope down in the 
same direction as the dip, or at least (he valleys belonging to the peneplane 
drain in that direction. An example of this is afforded by the peneplane 
which slopes down eastwards from the Stubensandstein edge of the 
Steigerwald towards the foot of the Dogger Malm scarp of the Franco- 
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njan Jura, and ends above the slopes on the left side of the Regnitz 
valley, slopes which do not rise very high above the river. Starting from 
here, far-reaching dissection of that peneplane has already taken place. 
Following the tracks of the valley troughs that dissect it, wide trough- 
like valleys invade the main body of the peneplane from the Regnitz 
westward, They soon become narrower in this direction, and mot far 
from the scarp summit of Steigerwald, the longest and most persistent of 
them may be seen to reach back in'a steep curve to the break of gradient. 
This separates them from their continuations, shallow trough-shaped 
valleys in the high-lying and undissected peneplane. Convex slopes 
characterise these uppermost steep beginnings of the entrenched valleys, 
just as they do the analogous stretches of all their lateral ramifications 
which are eating into those parts of the peneplane that are preserved at 
the height of the intervalley divides. "The high plateau above the Malm 
scarp (Swabian Alb), although inclined similarly with reference to the 
dip of the strata, is of quite a different type and origin and, as must be 
mentioned here and specially stressed, in no way illustrates the relation- 

The other kind of searpland peneplane has a general slope in the 
opposite directron to that of the bedding, since its valley network drains 
that way. ‘The residual scarpland plateaus between the Swabian Alb and 
the Neckar, the main artery of the whole region, are of this type. Starting 
from the deeply sunk main streams of the drainage net, dissecting: trilu- 
taries from all directions invade the foundation of the peneplane. Some 
of these aide branches flow in the same direction as the dip and therefore 
against the general slope of the peneplanes lying above the Stubensand- 
stein scarp which they are dissecting (many tributaries of the Jagst, 
Kocher and Murr). They were interpreted as stretches of consequent 
drainage'*", If this implies that the origin of the rivers and valleys was 
due to a former flow of the water along inclined bedding planes, it must 
be emphasised that the bedding planes have nothing whatever to do 
with tt. It is rather that the backward extension follows or has followed 
an inclined water-bearing horizon to the base of the Lias: and obviously 
this took place by the process of Aeadward erosion to be considered 
later. ‘This seems to be notably truce for the ‘retrograding’ tributaries of 
the Murr and Jagst, but it can still be definitely proved only for a few 
places in the basin of the Jagst since the Lias has in the meanwhile been 
reduced to scattered island-like residuals. By far the greater part of the 
headward erosion here took place in past times; but it has left behind 
valleys which, having been eroded backwards, continue to develop, 
continue to. deepen and continue to elongate backwards. 
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3. INSELBERG LANDSCAPES 

Quite a number of the characteristic phenomena, shown in the rela- 
tionship of the scarpland peneplanes to the scarp faces rising above them 
are, in their development and in their appearance repeated with slight 
variations in the inselberg landscapes which first became well-known 
from the African examples!**. ‘The fundamental characteristic in their 
outward appearance is the special relationship existing between the 
forms of denudation worked down into the crustal structure and the pro- 
jJecting parts left between them. When an uplifted portion of the earth's 
crust has been divided up vertically by denudational processes into 
mountains and valleys, the elements givings its special character to that 
set of land forms are the hollows, the valleys: the course they take and 
their depth, the shape and gradient of their sides, determine the arrange- 
ment and character of the intervalley divides, the projections lying 
between them. This ceases to be true in the case of an inselberg land- 
scape. Here it is the insular projections which are the striking, deter- 
mining element, Obviously the remnants of the once continuous country 
at a higher altitude®®®, they rise above peneplanes which have replaced 
not only individual valley tracks, but whole valley systems. Indeed the 
mountain flanks occasionally rise with extreme steepness above the 
gently swelling peneplanes which are crossed by shallow valley troughs 
and which, here and there, seem in addition to have been graded, 
levelled, by subsequent alluviation, Perhaps these very conspicuous con- 
trasts have diverted attention from the way in which the foot-slopes of 
the inselbergs are shaped. At any rate every observation made upon these 
shows the error of the view, constantly repeated in the literature of the 
subject, that there is a sharp nick where the sides of the inselberg break 
off against the surrounding peneplane. Fantastic hypotheses as to the 
origin of inselberg landscapes, which led to the purely speculative 
notion of an aeolian origin for peneplanes in general, are partly based 
upon this error®!. The slope profile of all inselbergs 1s concave. A continu- 
ously concave curve always forms the foot-slope between the steeper 
slope units of the higher parts of the mountain and the flattish slopes of 
the surrounding peneplane which likewise have a concave form*** (see 
Plate ee 2 and Plate VIII, illustration 1), The inselberg land- 
scape is the characteristic landscape of waning development, 

The height of the highest inselbergs above the surrounding country 
indicates the minimum extent of vertical dissection which the area has 
undergone by stream-cutting during the period of waxing development 
which necessarily went before. Fairly often the maximum relative height, 
which the present inselberg region ever attained, has been preserved 
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almost unaltered to the present day. ‘This is true, for example, wherever 
the mountain summits still consist of flattizh slope units. It is only when 
these have been removed and steeper slope units have taken their place 
that there can be more rapid lowering of the inselbergs, leading to their 
ultimate demolition. In this case it is of no consequence whether the 
earth's crust is at rest or in motion (see pp. 152-153). ‘Thus it is found 
that the plateau-like inselbergs of a region, even when they are not the 
relics of searplands, are all about the same height, while the pointed hills 
derived from them have smaller relative heights that are individually 
quite different from each other. Here the process of lowering can be 
followed specially well: the lower the elevations, the gentler as a rule are 
their flanks, other things being equal (see Plate VII, illustration 2). 
Standing at the end of the series are gentle surface swellings ending in 
sharp points—in granite country crowned by tora or piles of boulders. 
When these vanish, they leave behind intervalley spurs bounded by flat- 
tish slopes. These then form part of the surrounding peneplane, and are 
incorporated in it. 

What determines the development of inselberg landscapes is the beha- 
viour of the drainage net: the weakening of its erosional intensity until it 
comes to a standstill, The cessation. never takes place simultaneously 
everywhere along the drainage system, but becomes noticeable first of 
all along the main streams; these react in a direct manner to movements 
of the general base level of erosion, and so they are also the first to give 
up their erosive work when the base level has reached a fixed position 
and remains there for a long time. ‘To begin with, concave slope profiles 
appear in the lower courses, and here also flatter slope units first begin 
to work up towards the intervalley divides*®*, Here the rivers are already 
widening their valleys by the merease in size of their meanders, so that 
there is growth in valley breadth and the distance apart of the upper 
edges of the valley, measured at right angles to its trend: the stecp slope 
units are moving back from the alluvial yalley bottom and below them 
the slope of minimum gradient is appearing (pp. 138-140, 1.43); whilst, 
in. the uppermost reaches, erosion still continues. Downcutting there is 
associated with the uppermost, steep sections, which are sunk furthest 
into the crustal structure, ‘This is in accordance with a law which has 
already made its appearance in connection with the scarpland areas, and 
and lengthen the valley incisions, which are bounded by correspondingly 
steep sides. This process must continue so long as there are any parts of 
the land at all which stand up above an erosional curve of gradually in- 
creasing gradient—to be defined later, Thus the eroding stretches go on 
ceaselessly working back into the moat centrally lying parts, and even- 
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tually dissect or disintegrate them also by means of correspondingly 
steep-sided valleys. The same thing happens to the intervalley spurs 
belonging to the main valleys, their tributaries and the lateral branches 
of these. For everywhere here the valley flanks provide steep slopes all 
ready to form starting points for fresh backward working furrows, from 
which again sharply V-shaped valleys, still younger and of a minor order, 
originate, ‘Thus there arise lateral branches of the second, third and «-th 
degree, all without exception bounded by similarly steep slopes, since 
generally speaking the eroding portions are all characterised by the same 
erosional intensity. The last and youngest of this kind are the gashes that 
furrow the slopes of the inselbergs. The steepness of their sides shows 
that the erosion is transmitted without loss of intensity right up to the 
ultimate ramifications of the valley system*™™, even when only single 
branches of this remain, the greater part having already vanished, i.e. 
having become valley troughs on the peneplane. 

As the eroding portions, which multiply upwards, splintering as it 
were into an increasing number of ramifications, work headward, the 
intervalley spurs, like the central regions, become disintegrated into pro- 
gressively smaller units. They become pinnately divided into ridge crests, 
the ‘feathers’ of which are again split up, and:so on; and where ramifica- 
tions meet from opposite sides, saddle-like passes develop, dividing the 
crests into rows and groups of peaks. These are the nuclei of the inselberps. 
This penetration of the eroding portions into the highest, most central 
parts of the country—central in relation to the lower courses of the main 

teams—together with the increasing ramification, means not only that 
the valley density is increased (this is by no means identical with the 
river density) but also that the valley courses lengthen, And so the 
eroding portions leave behind them lengthening valley sections along 
which erosion is growing weaker, so that waning development begins— 
and, as before, succeeds in establishing itself along the lower courses of 
the main drainage lines. Just as the zone of erosion and, with it, the 
whole zone in which correspondingly steep slopes are produced, spreads 
from lower reaches of the main rivers towards the most central parts of 
the country, so does the succeeding zone of valley widening and slopes 
with concave profiles or, more shortly, the zone of waning development. 
Tt arrives there quite independently of what may be happening in the 
meanwhile to the general base levels of erosion. If these, for example, are 
affected by some renewal of erosion in the water-courses, then waxing 
development, with its characteristics, sets in afresh in the lower courses 
and spreads wp-valley along the drainage system; brut that does not pre- 
vent waning development from meantime reaching into the neighbour- 
hood of the watersheds. However, it ts clear that under such 
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circumstances waning development in the regions of the lower courses of 
the streams has wot been completed and cannot be simultaneously nearing 
completion in the most central areas, For the steeper slope units which are 
rising up from the watercourses now incising themselves intensively, 
push vigorously upwards im the direction of the intervalley divides; and 
on reaching the tops of these, they swallow up the flatter concave form 
associations before these have been reduced to that degree of fattening 
which it is possible to reach there (a consequence of the difference in the 
intensity of denudation on steep slope units and those that are less steep; 
4ee p. 71, and chapter V1, section 7, p. 155). 

The inseiberg landscapes of the continental areas, however, are charac- 
terized by the fact that they exhibit form associations of toaning development 
which extend over tery vast areas of tectonically uniform parts of the earth's 
crust; and they stretch with equal completeness from the lower courses of the 
main lines of drainage, where the development is already complete over wide 
areas, up to the mast centrally lying parts where it is nearing its completion. 
This implies that the general base levels of erosion must haye remained 
in relatively unaltered positions throughout very long periods of time. 
There is thus a deep-seated, fundamental difference from those zones 
which show the characteristic land forms of waning development, but are 
confined within exceptionally narrow limits; they are to be found on the 
top of very many mountain ranges (broad folds) in mountain belts, espe- 
cially in the arid and semi-arid provinces, or on the high parts of the 
German Highlands and Scarplands. Here, the region of waning develop- 
ment, always narrow, is everywhere separated from its present general 
base level of erosion by a zone of steep slopes, a zone of renewed or in- 
creased erosion. It is only exceptionally and where there are favourable 
circumstances (e.g. the character of the rocks—Scarplands) that the 
waning development attains its goal, pencplanation, and scarcely more 
than the upper or headwater districts of the valley-net belong to its 
domain. 

Whenever there are valley stretches along which erosion has ceased, 
the steep slope units retreat, and slopes with the least possible gradient 
broaden out at their expense. ‘The projecting intervalley spurs are nar- 
rowed, the extremely gentle slopes merge into one another around them 
and over the previously mentioned saddle-like passes; they meet in softly 
curving flattish divides between the valley troughs, now become wide 
and shallow. In this way the peneplane grows at the expense of the inter- 
valley divides, the relics of which remain visible for a while aa inselbergs. 
These usually form a zone lying between the completed peneplane and a 
central more or less continuous mountainland, Jt is quite analogous to 
the zone of residuals which occurs in front of the retreating edge of an 
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escarpment (see Plate VIII, illustration 2), This zone of inselberps mat- 
urally appears first in those places to which the waning development 
penetrated earliest. [his is the case for the regions under discussion, in 
the neighbourhood of the lower courses of the main lines of drainage. As 
waning development spreads towards the central parts of the area, the 
zone of inselbergs also advances in the same direction, Meanwhile the 
inselbergs have already disappeared from the region of the lower courses; 
and, inthe source region, valley dissection of the continuous higher-jutting 
country is gaining ground. ‘Thus, as has been mentioned, the position of 
the inselberg zone is between the central mountainland and the con- 
tinuous peneplane surrounding it; and it ceases to he so only when the 
central mountainland has itself become disintegrated into inselbergs. 

Erosion and denudation work at a slower rate where the rocks ure 
resistant. Such rocks become visible as eminences above the surrounding 
country when this, on account of its slighter resistance, succumbs more 
quickly to the wearing-away process. It is therefore to be expected, and 
has been confirmed by observation, that with waning development the 
intervalley divides remain longest preserved as upstanding heights when 
the district is one of strong rocks, and that the inselbergs tend to be asao- 
ciated, as by preference, with such zones of more resistant rock. ‘The 
designation ‘Hdrtling' refers to this*’*. It is, however, a mistake to think 
that inselbergs must always be 'Hedrtlinge’ —or ‘monadnocks’ as the 
Americans call. them—and such a view by no means corresponds to the 
facts™*", "I'he inselberg type of scenery also develops on perfectly homo- 
geneous crustal material, if only the necessary conditions are present for 
undisturbed waning development. It is an absolutely normal link in the 
series of denudational forms through which a portion of the earth's crust 
passes if its general base levels of erosion (which may be the local ones) 
remain in a relatively stable position fora long enough time. The insel- 
bergs themselves are relics of the highest parts of the country, where the 
steepest slope units have been longest preserved. They are relics of inter- 
valley spurs, which after their disappearance leave behind further inter- 
valley divides, but such as then belong to the surrounding peneplane- 
This is an end-peneplane, a realisation of Davis’ peneplain, 

The process of waning-development is completely independent of 
climate, The sole factor needed for its occurrence is the weakening 
of erosion; the sole factor needed for its completion is the elimination of 
endogenetic influences from the processes of denudation. These influ- 
ences: would be expressed in relative fluctuations of the general base 
levels of erosion, and would be propagated upwards from them, follow- 
ing the drainage net. They may be absent either because the general base 
levels of erosion remain for sufficiently long ina relatively fixed position; 
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or because the areas subjected to waning development are separated from 
the general base level of erosion by the sufficiently slow working-back of 
‘steeper types of land form and of breaks of gradient in the longitudinal 
profile of the main streams (forming local base levels of erosion), Both 
cases lead to the formation of inselberg landscapes and peneplanation of 
wide stretches of country. Thus neither the genetic relations nor the ob- 
served facts afford even the slightest support for the view frequently put 
forward that the origin of inselberg landscapes is connected with a special 
type of climate or with a change of climate. ‘Typical inselberg landscapes 
are already known to exist in almost every climatic belt. In South 
America they stretch from subtropical Uruguay to the completely trop- 
ical Guianas, and they are a speciality of the Brazilian shield?**, J. 
Walther describes them in North Africa at the junction of the Nubian 
Desert and the Sudan (Kassala Mountains), and compares them with 
those of the Coromande! coast which has its ume of drought in winter 
only®*. Even as far south as South Africa, they have long arrested the 
attention of travellers in the east, west and south-west of that hot con- 
tinent™*. ‘They characterise the Deccan and turn up again in Aus- 
tralia. They are distinctive not of any one climate, but of the continental 
masses. "Their origin, aa well aa their extensive development, is based 
upon the properties of those rigid crustal areas which have been long 
withdrawn from the processes of mountain building. They are not found 
in the mountain belts nor in the adjoining parts of the earth's crust in- 
eluded in their movements. Tir is the problem presented by the insel- 
berg landscapes, 

It must, however, be mentioned that in.some details of their charac- 
teristic features there are differences which may be traced back to clima- 
tic influences. There is general agreement in stressing the sparseness of 
the soil cover, not only on the slopes of the inselbergs, but also on the 
peneplanes of countries where vegetation is scantily developed or where 
conditions are actually hostile to it. As F. Behrend, E. Obst, G, L. 
Collies** and more particularly H. Cloos have pointed aut, this is a 
consequence of the spreading out of rainwash over the whole surface, so 
effecting a comparatively thorough and rapid removal of the reduced 
material from even very slight slopes. It thus lays bare extensive denuda- 
tion surfaces and keeps them continuously exposed. ‘This, as was shown 
on p, 143, reacts on the shaping of the foot-slopes of the inselbergs. 
in areas Where precipitation is rare, but not too rare to find a surface of 

attack—especially in the semi-humid and semi-arid regions—these ac- 
tually show a sharper concave curvature than in the case of inselberga of 
the same type but overgrown with a continuous cover of vegetation. 
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4. PIEDMONT FLATS AND PIEDMONT BENCHLANDS 
(PIEDMONT STAIRWAYS) 

Though this has so far remained quite unnoticed, the forms charac- 
teristic of inselberg landscapes are strikingly connected with other form 
associations found upon tectonically uniform portions of the earth's 
crust, when these belong to a definite type including, amongst other 
examples, the German Highlands. A distinction must be made between 
the form associations occurring on the heights between the valleys that 
are sunk in the highland, and those of the valleys themselves. ‘The former 
only will be considered here. In some places, dissection by somewhat 
recent valley furrows has already advanced so far that the old form asso- 
ciations, characterised throughout by their very much more gently in- 
clined slopes, have already been entirely removed from the intervalley 
divides, and replaced by the steeper slope units that are working their 
way up from the valley incisions. ‘This is especially the case on the 
sloping sides of the German Highlands. Yet not throughout. The com- 
pletely dissected western slope of the Black Forest, disintegrated mto 
rugged mountain country with forms of intermediate steepness, stands 
out in contrast to the eastern slope which is almost intact, especially in its. 
southern sections. And in spite of the way in which valleys have pene- 
trated into that side of the mountain block overlooking the Rhine, such 
considerable remnants of its older form associations are still preserved on 
the intervalley divides that it is possible to diagnose them and to fit them 
into their place with certainty. It is the same with the western descent of 
the Fichtelgebirge. What can there be seen as more or less extensive 
remnants, on the heights between the deeply sunk valleys, is still visible 
in continuous form on the wide-stretched northern slope, where it 13 
only just notched by occasions! valleys and their still short, backward 
working, side branches. 


(a) Tun Harz 

But litthe has been preserved of the former northern and southern 
slopes of the Harz mountains; more, proportionately, of its summit. The 
fiattish forme of this join with a sharp break of gradient the steep slope 
units originating from the valley courses (of the Oder valley and Bode 
valley type) that invade far up into the body of the mountain mass. ‘The 
breaks of gradient here are just as sharp as those which have arisen from 
the numerous and often short, sharply V-shaped valleys at the actual 
edge of the mountain mass. Convex slope profiles ure characteristic of 
the entrenched valleys which, at the mountain edge, are s0 close together 
that their steep slopes have already met on the intervalley spurs, Thus, 
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the ancient land forms of the summit are narrowed down—having been 
already removed from the edges of the highland mass; hence the impres- 
sion of mountains which they give; and it is only between the larger 
valleys, standing well spaced from each other, that the summit landscape 
extends as far as the edge of the massif. 

The land forms of the summit are characterised by the concave slope 
profiles of waning development, except for occasional sharp V-shaped 
valleys (of wery recent origin) which reach up the sides of the inselbergs. 
This holds throughout, being true also for all the side branchings of the 
valley network. The general form is an undulating peneplane, traversed 
by very wide shallow valley-troughs. Above it there rises a still continu- 
ous group of mountains, relatively steep-sided—the Brocken, with its 
associated surmmits—as well as several lower, not very steep elevations, 
which may be adjudged to be of the nature of Hartinge (Auerberg, 
near Stolberg, ts typical; a volcanic stump of Permian quartz por- 
phyry)™* Some of these latter show an unmistakable connection with 
definite types of rock (Achtermannshohe is of metamorphic rocks of the 
granite contact halo; Schalke, south of Goslar, and the high ridge of Acker 
as far as Beuchberg, are of Kahleberg quartzite of Lower Devonian age). 
However, this adaptation to rock material decides merely the delimita- 
tian of such heights, not their relative altitude: for similar rocks anil 
zones. of resistant material likewise take part in the composition of the 
surrounding peneplane. Furthermore, this peneplane extends over parts 
of the massif of Brocken granite, which also forms the core of the central 
highland—here there is absolutely no connection between upstanding 
parts and the character of the rock—and it extends right over the Bode 
pramite stock, Yet granite is by no means a specially resistant rock! 

The central mountainland of the Harz does not owe its existence to 
any particularly resistant type of rock; it is not a group of monadnocks of 
resistant rock, but higher standing country dissected by valleys. Its inter- 
valley spurs are associated with zones of strong rock, where these outcrop at 
or slightly above the existing mean level of the intervailey divides®*, The 
same is trae for the peneplane, the resistant monadnocks of which lie at 
another level, and naturally have a smaller relative height and fatter 
modelling than those of the central mountainland. In general: the charac- 
ter of the rock, and the way in which forms are adapted to it, does not deter- 
mune their mean relative hetght, but doer decide the arrangement of the 
intervalley dietdes, And monadnocks of resistant rock, j.¢. frolated eleca- 
hions, project above them only when the outerop of the more resistant tipe of 
rock occurs at or just above the existing general level of the intervcalley 
divides, a level which has been determined by other circumstances. 

On the north side of the central mountainland the peneplane ts only 
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narrow; but it ts extremely clearly developed (in this case on the Brocken 
granite, on its metamorphic wureole, and on the Kahleberg quartzite), 
Southwards it occupies a wider space. Towards the east, it stretches out 
evenly over the mountain mass from its southern to its northern edge. 
Thus the Jand-form character ts the same as that found in the inselberg 
landscapes of continental regions, and the arrangement similar. How- 
ever, not only is there the absence of a sense of spaciousness but, above 
all, of the characteristic signs which, in inselberg landscapes, force upon 
one the conclusion that the general base level of erosion has remained 
fixed for a long period of time: viz. the completion of waning develop- 
ment in the regions of the lower courses and at the same time its carrying 
through into the headwater regions. Only the latter can be observed in 
the German Highlands and in the Harz, it ts only the headwaters of the 
drainage system that belong to the highland landscapes. ‘The lower 
courses, on the contrary, leave the mountain areas in deeply incised 
valleys, thus indicating that at the mountain edge the general base levels 
of erosion do not remain in a relatively fixed position, 

The history of the valleys shows that this evidently has always been 
so. By following up any of the deep valleys that are working | further and 
further into the mountain mass, a zone is reached, at a varying distance 
from its edge, where the gradient rapidly increases and the steep convex 
slopes approach close together. Above this, a break of gradient in the 
longitudinal profile must be crossed. This denotes the spot up to which 
the latest and relatively youngest eroding section has worked back. The 
valley continues upstream with a gentle gradient, 3 greater width and a 
slighter depth—now bordered by concave foot-slopes into which the 
convex curves of the upper valley slopes pass downwards—until a fresh 
zone of increased gradient, increased narrowness, and again convex con- 
verging slopes lead! to a Ingher-lying break of gradient. Then one finds 
oneself in a still wider, shallower trough-valley, the concave slopes of 
which, however, change as before into convex curves towards the upper 
parts. In this way, by steps becoming ever lower and gentler, steps 
which are expressed us an alternation from steeper to lesser gradients, 
the wide shallow valley-troughs of the peneplane are reached. Their 
flattish slopes are concave and widely opened-out. The concavity, here 
too, does not reach up to the divides between the valley-troughs, but 
gives place m that direction to a convex curvature which, for all the fat- 
neas of the slope units, cannot be overlooked™*. 

The type of valley just described, which is constantly repeated, tut 
which, however, comes out distinctly only in the valleys of older origin, 
is characterised by having several breaks in its gradient. ‘l’hese separate 
from one another stretches of river-bed, which are concave in form, but 
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which join together to give a curve that ts, on the whole, convex. The 
vertical intervals between any two breaks of gradient generally become 
smaller from below upwards. In this direction the sections of steeper 
gradient become shorter and less steep so that it is the peculiarity of con- 
cave portions of the profile to have smaller mean gradients the higher the 
valley to which they belong (shown diagrammatically in fig. 13). The 
uppermost member of the system is a valley-trough, frequently without 
any stream, on the peneplane itself. 

Thus eroding sections of various ages, which can have originated only 
one after another at the general base level of erosion, move upstream, 
behind one another, along one and the same valley furrow. The point, up 
to which each of those portions has cut back, up to which each has 
carried into the body of the mountain mass a deepening and steepening 
of valley and slopes respectively, is visible in the form of a break of 
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gradient™'*, There is no difficulty im recognising that the eroding sec- 
tions, which follow one another downstream from the upper reaches, 
represent not only a simple series as regards age, but a series of increas- 
ing erosion, increasing valley deepening and increasing steepness of the 
valley slopes. This development begins with the formation of valley- 
troughs on the peneplane, a conclusion permitted by actual observation. 
The slope profiles of these prove beyond doubt that the flattish forms of 
the peneplane have not been derived from the flattening of once higher, 
steeper elevations, but conversely, that their forerunners had even 
gentler slope units which are still preserved on the watersheds between 
the valley-troughs, These latter are therefore very ancient stages of the 
valley history which has been trending towards dissection, Consequently 
the peneplane, in apite of the agreement of its form-characteristics in 

y of their features with an end-peneplane like that of the widely 
spreading inselberg landscapes found in continental regions, cannot 
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however be one, It does not, like these landscapes, replace higher pro- 
jecting parts of the country, now vanished, And, in addition, in spite of a 
formal similarity, the central mountainland of the Harz is not analogous 
to such relics of a higher surface as. are found in inselberg landscapes. For 
it never had the wide extent which is today an intrinsic property of the 
pencplane. However, this does indeed widen at the expense of the 
mountainland, which it penetrates in the form of valley floors, as soon as 
waning development sets in there. This has come about not because the 
general base level of erosion remained in a state of relative rest, but 
because the central mountainland has been separated from that base level 
of erosion by the insertion of more steeply inclined eroding portions 
along the courses of its main arteries of drainage. Since the first, oldest 
system of breaks of gradient arose in the longitudinal profile of the 
streams, the further denudation and development of peneplane and 
mountainland, and dissection of this latter, have taken place in relation 
to those breaks of gradient, uninfluenced by the behaviour of the general 
base level of erosion. 'These are local base levels of erosion for all tribu- 
tary streams and slopes and, as will be shown later, they do not expen- 
ence any relative lowering. Their first appearance, therefore, signifies 
the change-over to waning development, which haa, since then, been the 
predominant type in the sculpturing of summit landscapes, and will con- 
tinue to be so until their destruction by backward working dissection. 

For that type of peneplane which, like the high country of the Harz, sur- 
rounds a central mountainland, te will uve the term piedmont flats. 

A preliminary survey of the Black Forest and the Fichtelgebirge shows 
that here, too, there is a central mountainland disintegrated into indi- 
vidual domeshaped hills and surrounded by a peneplane. Since both ele- 
ments are composed of the same rocks, there is no question of Hartlinge, 
and se it seems as if the conclusion might be drawn that those highland 
landscapes, above their dissecting valleys, consist of a central mountain- 
land and a piedmont flat. Indeed the history of the valleys and the 
development of the slopes prove quite clearly that the peneplanes are of 
the same type as in the Hare and are not end-peneplanes, However, 
closer investigation reveals the new and surprising fact that it is nota 
single peneplane which covers the summits and slopes of the highlands 
in question, but that here there are several peneplanes of the same type 
recurring step-like one above another. Such an arrangement may be called a 
piedmont stairway (or piedmont benchlands). 
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(4) PIEDMONT BRENCHLANDS 

This type can be studied particularly well in the Fichtelgebirge and on 
its northern slope. Only the main features will be given here, details 
being omitted#!, 

The central mountainland consists of a widely extending group of 
individual elevations, only loosely connected with one another, which are 
grouped around the headwaters of the Eger and Réslay. It is advanced 
far towards the western edge of the Bohemian massif, and towards this 
edge relatively short, deeply dissected slopes lead down, to end abruptly 
above the marginal fault. Reference will be made in another connection 
to this marginal zone, in which the relatively unmoved Mesozoic fore- 
land is lying right up against the underlying pre-Mesozoic structure that 
has been powerfully uplifted and is rising even more vigorously at the 
present day, To the north, east, and south, on the contrary, the land falls 
aiway only very slowly, after the manner of the gentle slopes of a flattish 
dome, the axis of which culminates in the Fichtelgebirge and is con- 
tinued north-eastward in the Erzgebirge. 

Two different types of land forms occur amongst the elevations of the 
central mountainland: (1) Those with sharpened crests which, when they 
are composed of the Fichtelyebirge granite, frequently end in tors sur- 
mounting flanks of concave curvature (the type of Kosseine, Rudolf- 
stein, Grosser Waldstein, Hoher Matzen: and (2) dome-shaped mountams, 
the most striking characteristic of which is the convex rounding that 
appears above the concave slopes and leads over to wide-stretching, 
almost level surfaces crossed, in the summit region, by extraordinarily 
shallow troughs. These dome-shaped mountains belong to two indepen- 
dent levels; the lower one (at about 870 to goo metres above sea-level: 
the ridges between Grosser and Kleiner Waldstein, Hochhaide, Platte, 
the western extension of the Ochsenkopf) is separated from the upper 
(Ochsenkopf, Schneeberg over 950 metres) by a zone of rather steep, 
convex slopes and remarkably steep valley furrows, The flat surfaces at 
both levels possess cach its own system of valley troughs showing a very 
slight gradient, "hese are the uppermost parts of valleys which, on the 
slopes, are V-shaped, steep-sided and becoming deeper, in general terms 
the highest ramifications of all of the whole valley system. ‘Thus there 
ean be no doubt whatever that the surfaces are not isolated flattish land 
forms, but fragments of a flattiah form association, Those at the goo 
metre Jewel occur all round the land which projects above that height. 
The accordance of altitudes, but in especial the Hmitation both uptvards 
and doremteards by the same zones of convex systems of slopes, which separate 
them from corresponding levels of flattish form associations above and belote, 
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* make rt certain that the fragments of flattish relief occurring at the same 
height are parts of one and the same peneplane (P, in fig. 14). 

But it is not, after all, the highest and oldest peneplane of the moun- 
tain mass. The highest domes, Ochsenkopf and Schneeberg, have in 
their turn considerable relics of a higher one from which isolated tors— 
insignificant but clearly recognisable remnants of a mountainiand once 
rising above it—project above the flattish intervalley spurs that belong 
to it. "The record of the history of these mountains begins, therefore, with 
the features of almost completed waning development which are to be 
found at the summit of the highest and oldest elevations. What is pre- 
served of the peneplane has the characteristics of an end-peneplane (P, 
in fig. 14), which has spread at the expense of some sort of mountainland. 
Of this lutter anly a few rather steep slope units remain. Nothing has 
been preserved to show the waxing development which must have pre- 
ceded the waning development that is continuing to the present day in 
this oldest part of the mountain mass. 

Similar conditions are found at the lower level, The peneplane P, at 
one time uninterruptedly surrounded a ‘central mountainland’, of which 
only the highest elevations still] bear relatively restricted remains of the 
oldest flattish relief (P,). The lower peripheral elevations no longer show 
anything of this. Here the steep concave slopes rising up from the P, 
surface already intersect in sharpened crests (¢.g, Kosseine); or elee—in 
the closer vicinity of the highest projections—what remains of it are 
merely isolated rather steep slope units on the top of the flattish inter- 
valley spurs of the P, surface: the granite tors*™. This means that the 
waning development, which started from the P, surface, has been almost 
completed in the peripheral region of what was once the central moun- 
tainland, but in the innermost part of it is still a considerable distance 
from its goal. 

The progress of the waning development is associated with shallow, 
but fairly steep-sided erosion furrows, which reach back up the slopes of 
the dome-shaped mountains and debouch on to the P, surface, this being 
their nearest level of reference. In addition to them, there ts a consider- 
able number of larger, deeper, and more steep-sided valleys, V-shaped 
in cross-section, which start from different yet always lower levels of 
reference (local base levels of erosion); and it 1s quite clear that they cut 
back more vigorously the lower the altitude of their reference level. 
Valley courses, which have dissected the P, surface also into separate 
fragments, act as such levels; and naturally they could become the start- 
ing point of these V-shaped valleys only after they themselves had 
worked right back to the most central part of the mountain mass*"_ In 
the region of the upper courses of the Eger und Roslau, twe such levels 
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can, in the main, be observed. These are [1], the very broad, undulating 
heights with an exceptionally level appearance, found between the sunk 
valleys of the Eger, Réslau and their tributaries, and [2] these valleys 
themselves, The tops of the intervalley divides have their own system of 
exceedingly shallow, often swampy and peaty valley troughs, and keep at 
an even height throughout (on the average 670 metres), They are broad 
fragments of a uniform peneplane which extends over granite, pneiss 
and quartz phyllite indifferently. In the Kessel von Wunsiedel, framed 
round by the central mountainland, it has a gentle general slope from the 
foot of Schneeberg (slightly over oo metres) castward to about 650 
metres; and low Hartlinge (felsite porphyry of Thierstein) and relatively 
recent outpourings of basalt project here and there above it. The wide 
trough-valleys of the Eger-Réslau system are sunk into (us P, surface 
(fig. 14); their most recent lateral branches, bordered hy convex slopes, 
are working back to the intervalley spurs and effecting their progressive 

gration. 

In the form of wide valleys the P, surface leads between upstanding 
parts of the central mountainland in the Markt Redwitz district south- 
wards into the region of the Naab, westward over Weissenstadt-Gefrees 
to that of the Main, and northwards between Kornberg and Waldstein 
to the Saale area; and it is thus in uninterrupted connection with the ex- 
tensive north and south slopes of the mountain mass. ‘This connection is 
not destroyed nor rendered unrecognisable by the fact that very much 
narrower, younger valley furrows are sunk in the above-mentioned gaps. 

North of the central mountainland the peneplane P, is the dominating 
form element. Characterized throughout by a uniform flattish surface, 
made slightly undulating by valley troughs, it goes on from the edge of 
the central mountainland, where its intervalley divides reach approxi- 
mately joo metres, over the Minchberger massif of gneiss and the 
surrounding Palaeozoic outcrops of the Frankenwald and Vogtland north- 
wards as far as the Schiinberg-Mehlthever-Syrau district to the north of 
Hof, where its intervalley divides lie at a mean altitude of only 560 
metres. It has a general slope northwards, and ends in the district named 
as a multilobate edge (a zone of steeper convex slopes); while, lying in 
front of this, groups of hills and inselbergs, cut out from the peneplane, 
witness to its once far greater extension northwards. We shall refer later 
to this and to its present state of dissection into valleys. 

The P, peneplane not only borders the high parts of the central 
mountainland which carry the flattish relief P,, but trenches upon this 
in the form of valleys. It thus denotes a level from which there originated 
the first definitely established dissection of the higher parts of the land 
by valleys. The dissection of the P, surface into separate fragments goes 
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back to these far distant times and has been in continuous progress right 
from the beginning up to the present day. It has been brought about by 
waning development. Concave slopes lead up from the P, surface, where 
it borders on higher rising country. They already intersect in sharpened 
crests, crowned by crags, in places where the side valleys debouching on 
to the P, surface are sufficiently close together (Hoher Matzen, Epprecht- 
atein); here and there, the higher parts of the country have already been 
completely removed, except for crags, Mention must be made of the low 
block-like summits, crags and boulder heaps set upon the intervalley 
divides of the P, surface as found, for instance, on the heights between the 
entrenched valleys of the Eger-Réslau system", Here, too, the P, sur- 
face directly adjoins the main mass of the highest elevations, on the 
flanks of which (cast side of Schneeberg) particularly steep concave 
slopes (with a sharp convex break of gradient) lead up to a highland 
which corresponds to the upper level of crags (about 880 metres) [P, in 
fig. 1.4]. 

ath can now recognise the following general relationships: cach pene- 
plane of piedmont benchlands continues in the form of valley-floors into 
the regions rising up above it. Each Jower peneplane is thus the level at 
which dissection starts for the zones where the upper surface is a higher 
peneplane. Every lower peneplane must therefore in its origin be younger 
than the next higher one, and the highest parts of the country are also 
the oldest areas of denudation. Dissection by valleys is a consequence of 
erosive incision. At the present day—and apparently always—this is 
associated with the steeper slopes which connect two peneplane levels. It 
is there that convex valley-side profiles and convex longitudinal profiles 
occur in the headward cutting tributary valleys. In short, the peneplane 
levels are separated from one another by zones of convexity, The erod- 
ing portions that are working backwards find their nearest reference level 
an the next lower peneplane, on to which they debouch (leaving out of 
consideration the younger valley courses that are already dissecting that 
surface). The eroding sections leave behind them zones of decelerating 
or of completed erosion. The waning development starts, therefore, on 
each lower peneplane, and spreads upslope from it. Predmomt benchlandt 
are thus characterised by zonal alternations of the features of waxing de- 
velopment (convexity) and of waning development (concavity), as they have 
been followed through m what has been said above. With such an arrange- 
ment, therefore, cach peneplane is in Fact related to the one next above it 
in the same way as a piedmont flat to its central mountainland. Just as in 
such a system of waning development, the central mountainland dis- 
appears along its edges, and the piedmont flat spreads at its expense, 30 
does each peneplane of a piedmont stairway spread at the expense of the 
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next higher peneplane step. This latter 12 progressively disintegrated 
into a mountainland by the invading valleys, and the watersheds between 
these valleys become incréasingly notched and dissected, till finally 
nothing is left of them but inselbergs. These, therefore, are always to be 
found in a zone in front of the lobate edge of each peneplane step, and 
their height accords well with that of the step or is lower. This may be 
particularly well seen in the northern sections of the Fichtelgebirge (and 
Erzgebirge) slopes. As soon as the conditions for waning development 
occur ona peneplane (viz. separation from its own general base level of 
erosion), each one of the whole piedmont series spreads in consequence 
towards the higher and older regions; at the same time, it is narrowed 
down by the next lower step, is disintegrated into 2 mountainland of 
accordant height, and finally removed. ‘Thus cach piedmont Aat has a 
part lying towards the higher country (a proximal part), which has the 
characteristics of an end-peneplane. Vis is the part which grows so long 
as anything remains of it and of the land rising up above it. 

It can readily be understood that the downright ‘eating up' of the 
peneplane, by the step next below it, must have reached the maximum 
amount at. the places where denudation, in the form of waning develop- 
ment, has been acting longest (counting right up to the present day). 
This is the case for the highest and oldest parts of the area: of the P, 
surface In general, only such fragments still remain as correspond to the 
proximal part, which has the nature of an end-peneplane, Of the P, sur- 
face, there are substantially larger remnants and the greater part of them 
lies outinide the zone of crags (Waldstein ridges—Kornberg, and western 
foreland of Ochsenkopf and Schneeberg), It is at least unlikely that they 
are of the nature of end-peneplanes. By far the greatest part of the P, 
surface is of just the same type as the Harz peneplane, in view of its 
analogous features. ‘This is undoubtedly the case in the region of the 
Miinchberger gneiss™. 

The lobed northern edge of the P, flat (north-west of Plauen, Vogt- 
land) rises less sharply than the upper steps. Extremely wide trough- 
shaped valleys invade its domain there™*, and dissect it into no less wide 
intervalley spurs. However, in the region considered, these no longer 
exhibit an undamaged peneplane; but they are in their turn dissected by 
the shallow trough-shaped tributary and headwater ramifications of those 
valleys into a disturbed hummocky landscape, the surnmits of which at 
first reach almost to the height of the P, surface (about 560 metres), 
becaming, however, noticeably lower to the north. In this direction there 
is a complete breaking down into inselbergs, which look as if they stood 
on the intervalley divides of a dower peneplane (P, in fig. 14), North of 
the nurrow inselberg zone, this extends unbroken and absolutely Alat®*2, 
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disappearing under the Tertiary and then under the Pleistocene materials 
of the lowland embayment of Leipzig. 

The arrangement is again characteristic: the P, surface continues, in 
the form of valley floors, into the step on the top of which the higher 
pentplane extends, and in front of which there is a relatively narrow strip 
set with inselbergs. The two peneplanes are separated from each other 
by a zone of steeper convex slopes which are nevertheless not so high 
and are noticeably less steep than the analogous zones between the 
higher peneplane levels (P,-P,, P.-P,). 

Penepiane P,, also, has a general slope down towards the north. 
Near the edge of the step next above it, there are the intervalley divides 
belonging to that surface at a height of about s00 metres, at 450 metres 
of less in the neighbourhood of Zeulenroda-Naitschau™, sinking down 
northwards to 400 metres (south of 'lriptis and Weida) and further to 
350 metres (north of Triptis) and 300 metres (around Weida). Here, 
where the Elster, Weida and Auma unite, the peneplane is preserved 
only in narrowed fragments on the heights between the shallow valley 
system entrenched in it. But it can be clearly recognised, and that not 
only on account of the system of valley-troughs which is peculiar to if, 
but particularly by the aid of the ‘Tertiary beds, which transgress from 
the north as far as that #4. The peneplane in this belt passes from the 
folded Palaeozoics (Cambrian to Kulm) over the Zechstein on to the 
Lower and Middle Bunter sandstone. 

The Tertiary beds which transgress farthest southwards over the P, 
surface belong to the upper stage of the continental Lower Oligocene. 
The lower division of this (which may, however, already be of Eocene 
age) did not stretch out so far. It, therefore, does not appear on the 
mountain slope tilla slightly more northerly latitude has been reached: 
and in the urea where it is best developed, the lowland embayment of 
Leipzig, consists of clays, fine sands (or quartzite) and intercalated seams 
of brown coal. By contrast, the further-reaching upper division is charac- 
terised by the coarser facies associated with proximity to the mountain 
mass; it: consists of fuviatile sands and gravels, the composition of which 
points to Jong continued transport (not necessarily from a great distunce). 
Its lower surface is anything but a plain. Apart from the slight inequali- 
ties which result from the mantling of the system of valley troughs be- 
longing to peneplane P,, one can notice a gentle sinking of the surface of 
transgression at both sides (not, however, tectonically conditioned) to- 
wards the valley of the Elster near Weida and south of it: an old, very 
wide and shallow valley course, into which the Elster and its meanders 
have been sunk, has been filled in by Oligocene: material, Within this 
valley track and a few of its aide branches (e.g. near Neteschkan) the 
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‘Tertiary penetrates fur southwards to Olsnitz, south of Plauen; and 
there, on a very pronounced ledge on the valley side, high above the 
Elster, it reaches to more than 400 metres above sea level®**, It is this 
valley track, the most important, the largest and therefore also the deep- 
est, still followed at the present day by the Elster, which belongs to 
peneplane P, and from it has invaded the higher region to the south***, 

‘This situation is significant for deculing the age of the peneplanes. Lf, 
where the exposures preserved in this area seem to justify it, one dates 
the peneplane P, as of Lower Oligocene age, then it is quite clear that 
such an age can apply only to the P, surface and to some former stages uf 
the walley dissection of the higher parts; the higher peneplanes which 
occur there must, on the other hand, be in every case older—and in parts 
substantially older—so far as therr origin is concerned™™, This latter must 
be stressed, since we have recognised that every peneplane belonging to 
a piedmont stairway, any peneplane at all above which higher land rises, 
is continuing to grow, up to the present day, and must go on prowing 
until the higher upstanding parts vanish, however far back its first 
appearance may reach, Therefore even extremely ancient peneplanes of 
this kind always possess parts which have a geologically recent origin, 
Though their existence can be established, they cannot, however, be 
distinguished from the older parts. 

Before Jooking for further evidence as to the date of formation of the 
peneplanes, let us cast a glance at the present dissection by valleys, the 
history of which adds substantially to the picture so far gained of the 
piedmont stairway. All its steps are aharply mcised by valleys, younger 
in origin than those cutting through the peneplane levels bounding them 
at either side (i.e. top and bottom]. The arrangement and characteristics 
of the peneplanes are preserved intact and uneffaced only in those parts 
of the watershed regions between the muin valleys which are far fram 
the streams themselves (in this case the Saale and the Elster). Side 
branches from these push upwards towards the main intervalley divides, 
and disintegrate the peneplane steps on them in the same manner as can 
be observed at the frontal edges of the peneplanes, ‘This is happening 
not only today, but has been happening all the time from the moment 
when one of the maim watercourses began to cut through the individual 
peneplane levels, hus along the main valleys the features, including the 
forms, of valley dissection are analogous to those at the corresponding 
level on the frontal edges of the piedmont flats. Here and there it is pos- 
sible to identify them, since dissection by valleys follows certain niles, in 
the same way as has been already shown for the Harz, Identical stages of 
talley distection have not only concordance of form, in longitudinal and 
transverse profile. They are also separated from stayes, both above and belor, 
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tohlich have forms concordant toith one another, by similar convex fragments 
of slope or sones of slope (in the valley cross-section), and by similar convex 
breaks of pradtent (in the longitudinal profile), The most reliable starting 
point for the investigation is the uniform level established for a particular 

Following the main valleys upstream, one quite usually comes to 
#ones of decreasing valley depth, increasing valley width and diminished 
gradient of the valley slopes, The same arrangement is found in all the 
‘side valleys, so that their headwater branches have absolutely the same 
character as the headwater reaches of the main rivers. ‘They show the 
oldest, earliest stages of valley dissection: at their lower ends appear later 
Stages with greater depths and especially with steeper side slopes. These 
have not worked so far upstream, and they are separated from the first 
group and from one another by breaks of gradient, steeper reaches of 
backworking crosion. Along the main valleys, and along those tributaries 
very plentifully supplied with water, these breaks of gradient hardly ever 
occur, and have never been established with certainty, 'The reasans for 
thia will later be found to lie in the mass of water and in the length of the 
stretches of valley along which the gradients and the differences of 
gradient are distributed, Entry on older stages of stream dissection is 
here revealed primarily by the lessening of the gradient and of the height 
of the valley flanks, even when these rise directly from the down-cuttiteg 
stream. On the other hand, in the shorter side branches, the breaks of 
gradient are developed very clearly; the floors of the older stages of valley 
dissection—now cut into by headward erosion—can often be traced a3 
terraces close to the headwater region, i.e, in the area of the very carly 
phases of the valley history. For the whole valley system the nile applies 
that eroding portions are steeper and have a greater difference in altitude 
between any two breaks of gradient, the lower the level to which they 
belong, i.c. the later they have arisen at the hase level of erosion, The 
‘system is based upon the valley troughs of the peneplane in the same 
characteristic way as in the Harz, Thur it is quite certain that the parts of 
the piedmont flats which lie outside the zones of crags or inselbergs, as the 
tase may be, are not end-~peneplanes, 

This applies eapecially to the extensive surfaces of the P, and FP, levels. 
The Hattish and often streamless valley troughs of the P, surface have 
exceptionally flat and broad valley troughs, of somewhat greater depth, 
‘sunk in them. And it is only at this level, which may be called for short 
the ‘I’, étage, that the narrower, yet still always very wide, trouwgh- 
shaped valleys work back into the slope towards the main valleys and 
lowards the northern edge of the step. These valleys debouch on to the 
P, surface and so represent its continuatian into the region of higher 
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land ("T, valleys’). The T, valleys are an intermediate stage of develop- 
ment which intervenes between the formation of the P, surface and the 
slightly lower P, surface. And if the convex and concave frag- 
ments of slope are attentively followed along the course of the valley in 
question, it is seen that this is really only the most important of several 
intermediate stages, for which an exit on to the corresponding piedmont 
flat (which must lie above P,) has not been observed (fig. 15). On both 
sides of the Saale valley above Hof, nght up to the foot of the central 
mountainland, there are ‘T’, valleys, which have caused far-reaching dis- 
section of the peneplane{P,), converting it into a hummocky landscape, 
and near the main valley almost into. an inselberg landscape (see the pro- 
file of fig. 14 on p. 204). And the same stage is reached in the region of 
the headwaters of the Eger and Réslau at the edge of the highest inner- 
most parts of the country. The final ramifications of the whole of the 
valley system entrenched in the P, surface belong to this intermediate 
stage, Below it the narrower trough-shaped valleys follow as the next 
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stage in valley dissection, everywhere well developed and well defined. 
On account of this arrangement, it ia with the similarly-shaped T,, valleys 
that they can alone be identified™*. From the Saale, which near Hof has 
already cut down below this level, steeper stretches of valley are working 
back: and in their lower courses these approach close to one another, 
The landscape around Hof owes its characteristics to these convex slopes 
in the younger V-shaped valleys***. In the Saale valley itself, the bottom 
of which is entrenched below the "I, level, there is nothing to indicate 
that its present condition could have been brought about in any way 
other than the backward working of a uniform portion of the stream with 
increased erosional intensity: from the moust alluvial valley-bottom, con- 
vex slopes rise up above the concave foot-slopes. Yet if the correspond- 
ing side branches are followed upstream, a whole series of intermediate 
stages, arranged one behind another, 1@ to be found there. All are sunk in 
the bottoms of T, valleys; upwards they pass into these, downwards they 
are characterised by increasing depth, increasing stecpness of the slopes, 
and decreasing width, and they also merge into one another, The 
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‘intermediate stages’, as these observations clearly show, are not separated 
phases 0 in the process of dissection, but members of a continuous developmental 
series; and this points to the steady nature of the course of the natural events. 

This is also shown by the ‘intermediate stages’ lying between the P, 
and P, surfaces. They result from the steady action of erosion, which 
began | at the level of the P, surface. In the longitudinal profile of the 
buckward-working. valley branches, the intermediate stages are to be 
found arranged one behind the other. In cross-section they are revealed 
even more clearly and may be more easily recognised in the slope units of 
decreasing gradient which follow one above the other in the continuously 
convex curve of the slopes. ‘These begin from the above-mentioned steep- 
est slope unit produced by the act of erosion and pass upwards gradually 
into the flattish forms of the dissected peneplane, It is not only along all 
the valleys sunk in the P, region that this convexity is found; but it 
occurs also along the whole multilobate and incised edge of the P, sur- 
face (its end in the direction sloping away from the mountain mass), and 
in particular at the inselbergs which lic in front of that edge, These are 
characterised throughout by foot-slopes of concave curvature, above 
which follows a section of the slope with the maximum possible gradient 
having the same inclination everywhere. Above this lic convex slopes 
decreasing in gradient up to the flattish, often almost level, summit (see 
figs. 14 and 15). The magnitude of the difference in gradient between the 
flanks and the summit surface, which ts sometimes of considerable -ex- 
tent, makes it rmpossible for thas convexity to have originated from the 
rounding of a sharp edge. Indeed there is as yet no sharp edge at all, i.e. 
the concave slopes of the flanks do not yet actually i intersect at the tops of 
the inselbergs considered; tut the top is formed by a remnant of the flat- 
tish forms which, under the circumstances, can belong only to the dis- 
sected piedmont flat. Below this there follow in order the slape units of 
the "intermediate stages’, which are characterised by increasing steepness 
—phases of increasing erosion; below that again, as far as the P, surface, 
by decreasing gradient—phases of weakening erosion. 

Now it has already been emphasised that the inselbergs rapidly 
diminish in height with their distance from the P, step. In the light of 
the features established, it follows that this cannot be a matter of lower- 
ing by denudation, since that cannot begin until the concave slopes have 
intersected at the top of the lull. But obviously the P, level approaches the 
level of the P, surface in the direction of the general slope of the mountain 
mars. Both converge in the sone of the inselbergs and originally passed over 
into one another (see fig. 16, p. 214). This relationship of piedmont flats 
to one another can be traced between all the lower steps of piedmont 
benchlands; it 2 found on the northern slope of the Erzgebirge, 
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especially clearly in the Black Forest, to the piedmont benchlands of 
which we shall return in another connection, and elsewhere'=™, On the 
other hand, it cannot be traced between the higher steps—not because 
the same relationship did not exist there, e.g. between P, and P,, between 
P, and P, of the Fichtelgebirge, but because denudation has already 
destroyed the connection to a far greater extent: the central regions of 
pitdmont benchlands are always zones in which denudation, in the 
direction of waning development, has already been going on very much 
longer than in the peripheral parts. ‘hus, in these central parts the pene- 
planes have already extended considerably at the expense of the step 
above, and they have even been much shortened themselves by the level 
next below. The original boundary zones between the piedmont Hats, 
the only places where decisive observations are possible, have thus com- 
pletely disappeared. It cannot even be established with certainty 
whether, between the still existing levels, there once lay intermediate 
levels of piedmont flats, which since then have been removed by the 
energetic wpward working of the valleys and steep slopes cutting back 
from the lower peneplanes. At all events, the fact that the scarps between 
the oldest and highest peneplanes are steeper, higher and sharper than in 
the peripheral younger parts of the mountain slopes, points in this 
direction*®*", 

Thus it becomes evident that the scarps between the peneplanes are 
not an original feature, nor are they in any way connected with previously 
formed scarps; but they are the result of a definite process of denudation, 
viz. of dissection into valleys, commencing at a lower level of the pene- 
plane, which is not an end-peneplane. In this way eroding portions work 
back at many places into the region undergoing dissection by valleys, 
and carry right into it slope units of increasing steepriess, ‘The steepest 
of them, which corresponds to the maximum erosional intensity reached 
in the given case, is also that which develops the most rapidly, It is the 
most vigorous in working upslope, extends at the expense of its flatter 
predecessors, and so becomes the decisive factor for the mean gradient 
of slope found on. the flanks of all the valleys, side branches and ramifica- 
tions. "These are therefore uniform in character, are bounded by slopes 
having the same average gradient, and preserve this fundamental trait 
even after waning development has sect in. For, on the one hand, the 
slope units retreat from the lines of the drainage net, preserving their 
gradient meanwhile; and, on the other, freah V-shaped erosional valleys 
arise on the flanks of the already developed and widening valleys. In 
these new valleys, the same crosional maximum is reached as is charac- 
teristic of the process of dissection, so long as there are still steeper slopes 
leading to land which stands up higher, If side branches meet, they 
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detach some ‘complex’ or other from the region which 1s undergoing dis- 
integration. Both valley branches and detached fragments are bounded 
by valley slopes of a definite average steepness. he complex that has 
heen separated off forms inselbergs, and the equally steep slope of the 
opposite side becomes a part of the scarp face which separates the dis- 
sected penéplane from the lower piedmont flat. The searps heteeen the 
carious peneplane levels of a piedmont stairway are valley slopes or have 
onginated from such slopes. This explains the character they bear through- 
oul: the division into lobes, with everywhere the same average steepness, and 
especially the way in which their nature and trend are completely indepen- 
dent of the character of the rocks, This last most conspicuous characteristic 
must be particularly stressed, 

Since the dissection and the waning development achieve their end 
soonest at the edge of the higher region which is suffering disintegration, 
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the original border zone between the higher and lower piedmont flats is 
also the first to be destroyed and removed. Its place is taken by the zone 
of inselbergs, and the part of the lower peneplane that is spreading up- 
wards, and possesses the character of an end-peneplane (fig. 16), If at'a 
later stage of development, this spreading part of the lower surface has— 
60 to say—consumed the upper peneplane to such an extent that there 
remains only the proximal part of the latter with its end-peneplane 
character (like P, and P, in the Fichtelgehirge), then they are end-pene- 
planes. that can be observed rising step-like above one another. It is the 
only case of this kind which can possibly occur anywhere on the earth. 
It can be produced only from a piedmont stairway, And so we are 
brought nearer to the problem which this presents. 

The origin of a peneplane is like the origin of the flartish slopes which 
stretch from the floors of valleys to their intervalley divides. Flattish 
slopes are associated with those reaches of streams where the erosion is 
sufficiently slow, or, in the limiting case, absent. They meet so as to give 
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flattish relief, ic. form a peneplane, where the whole drainage net of a 
denudation area ia characterised by an intensity of crosion with values 
which lie between zero and a definite upper limrt, and remain at this 
value, This occurs, and can occur only, when this condition applies also 
to the main watercourses, viz. when the streams directly tributary to the 
general base level at the edge of a tectonically uniform segment of the 
earth's crust—e.g, one which has been moved uniformly—have been 
sufficiently long without the occurrence of any cause leading to a rise in 
their erosional intensity above the afore-mentioned limit. In the history 
of any part of the earth's crust, which is exposed to denudation and 1s 
still actually undergoing it, erosional intensities between zero and a 
(small) upper limiting value appear twice in those reaches of streams 
which are directly tributary to the general base level of erosion—and it 1s 
they alone which matter: (1) at the beginning of each period of erosion, 
and (2) at its close. Or, to summarise it more exactly: at the onset of the 
causes which compel running water to erode, and at their cessation. The 
end-peneplane i is composed of the combination of flattish slopes which 
accurs as erosion comes to an end, ‘The course of its formation is charac- 
terised by progressive Aattening, and is expressed by the appearance of 
characteristic features, It has, on the contrary, been established for pied- 
mont flats, that they are not end-peneplanes, but that their development 
is in the opposite direction, that of progressive steepening of slopes. This 
indicates, not that erosion has gradually died down to an intensity of 
zero; but that, on the other hand, there has been an increase from zero to 
the limiting value, beyond which one can no longer speak of a peneplane 
as such, but only of its dissection, Peneplanes of this kind have been 
called primary peneplanes™ ‘Their origin can be defined in a general 
way as being due to the first onset of the causes of the erosion, causes 
acting in such a way that their intensity mcreases sufficiently slowly from 
zero in the direction of that upper limiting value which has been so 
repeatedly mentioned. 

The problem of piedmont benchlands can therefore be referred back 
to the causes of the erosion, the variations of their onset in space and 
time, and the differing degree of their effects, These causes always come. 
into play for the first time in one zone after another, each zone in turn 
oS been pushed ever further down the mountain slope; and erosion, 

aa it began, obviously found only slowly the opportunity for increasing 
its intensity. On the other hand, upwards from this peripheral zone, 
there are simultancously to be found the causes of the increased erosion, 
and these follow after one another into several zones lying each one above 
and behind the other. For each individual one of therm it can be estab- 
lished that erosional intensity increases to a definite maximum. The 
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valley’s history shows that these successive maxima become greater. In 
our example this is valid right up to the present day for the sharp V- 
shaped valleys which cut through the Oligocene beds and the relief 
covered in by them. 

The transgression of the Lower Oligocene on to the peneplane of the 
P, level does not, however, prove it to be of Lower Oligocene age. That 
becomes evident from the outcrops east of Leipzig, where there has been 
a slightly stronger raising of the general slope of the mountam mass, 80 
that its northern edge appears pushed farther out towards the North 
German Plain than in the Elster region, Lower portions of the piedmont 
stairway have been disclosed in the region of the Mulde. On the divides 
between the present valleys; which are not sunk particularly deep, there 
appear wide stretches of flattish landscape, portions of a uniform pene- 
plane, dissected merely by those valleys in which the P, level can be 
recognized with certainty. But the old peneplane is preserved intact only 
beneath the still existing remains of the transgressing Oligocene. Where 
this has been removed, there has not been a simple re-exposure of the P, 
surface, but some alteration of its form—the change, however, being 
kept within narrow limits, "The system of valley troughs, going back to 
the Oligocene, continues in a similar manner in the stripped substruc- 
ture. In other words; the flattish post-Oligocene valleys tranamit them- 
selves, as it were, to the substructure which bore the P, surface with tft 
own valley net,-sometimes taking a different course, We must therefore 
start from the form associations buried beneath the Tertiary. 

From the Elster region, the P, level can be followed into that of the 
Mulde 28 a uniform peneplane, It extends from the Variscan folds of 
the old Palaeoxoics, south of Gera, over the remains of the tranggress- 
ing Zechstein and Bunter Sandstone which are preserved there, on to 
the Rotliegende of the Erzgebirge basin, und goes over the Granulitge- 
birge and its metamorphic aureole which consists for the most part of 
Cambrian schists. Associated with these is a series of | ldrtlinge forming 
broad humps. Northwards it enters the extensive area of quartz por- 
phyry in north-west Saxony. Here, too, it has a general slope downwards 
to the north; for the intervalley divides at the edge of the Gramulitge- 
birge have on the average an altitude of 270 metres (individual Hartlinge, 
such as the Rochlitzer Berg of quartz porphyry tuff, rise above that to 
350 metres); whilst northwards in the region of Rochlitz and Mutzschen, 
they are orily round about 220-230 metres™*, 

In the middle of the quartz porphyry district, in an irregular xone 
running on the whole in a north-caasterly direction, the evenness of the 
rolling P, surface is Jost; it disintegrates into a hummocky landscape 
with domes of accordant height, and finally into an excellently developed 
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zone of inselbergs. When the lower 
surface of the Oligocene is mapped, 
the following features appéar™* (fig. 
17): the Lower Oligocene has been 
removed, except for scanty remnants, 
from the broad shallow valley troughs 
that belong to the P, surface®"*, 
Trough-shaped valleys, slightly nar- 
rower and with somewhat steeper 
sides, are sunk in these troughs: and 
these often still contain a rather thick 
serics of Oligocene beds with rem- 
nants of brown coal, These break up 
the peneplane into hill country with 
low rounded heights. In front of it, 
these shallow trough-shaped valleys 
unite into a sort of piedmont inter- 
mediate level invading the P, region, 
which i is but slightly higher, in the 
form of extremely wide valley courses; 
while in front of the P, region it forms 
a broad continuous platform, and 
further to the north surrounds the 
inselbergs belonging to the P, level 
(of the type of Kolmberg near 
Trebsen, Hohburger Mountains, 
Oschatzer-Kolmberg, etc.), In the 
same direction as the slope of the 
mountain mass, that is, in a general 
northward direction, the intermediate 
level sinks from about 200 metres in 
the south to about 180 metres north 
of the town of Grimma and 150 
metres north of Wurzen. 

Sunk in the slight valley troughs 
of the intermediate level are trough- 
shaped valleys of considerable size 
and great width filled in some places 
with thick Oligocene deposits. ‘They 
are already visible in the neighbour- 
hood of the piedmont flat P, (the 
height of the valley floor being about 
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170-180 metres), where they unite in themselves the little valleys coming 
down from the intermeiliate level, and may be traced as continuous 
features westwards and northwards, In the last named direction they 
visibly dissect the intermediate level into smaller complexes and break 
up this too into inselbergs. North of Wurzen, in the Hohburger Moun- 
tains, nothing but these are to be found. They are characterised by wide 
summit flats, relics of the flattish forma of the intermediate level. They 
rise about 30-40 metres above the bottoms of Oligocene-filled valleys, 
which, there, are ‘still only about 120-130 metres above sea level, and 
group themselves around the last of the inselbergs originating from the 
P, surface, In this way they indicate that the latter had for a very long 
time been surrounded by a piedmont-like fragment of the intermediate 
level; which also, however, had been undergoing dissection up to the 
time of the Lower Oligocene transgression and had become completely 
broken down®**. 

‘The valleys in question belong to a lower main level, which we may 
distinguish as P,; and it can be inferred that it extends as a continuous 
picdmont fat, slightly northwards arid westwards of the region con- 
sidered, into the basement beds of the North German Plain. This is 
indicated by the extraordinary width of the surfaces belonging to it which 
are still visible, overlain by Oligocene beds, and penetrate from north 
and west in between the inselbergs; it is only further up that they narrow 
to the size of individual valley courses of slight depth but noticeable 
width, It is further indicated by the coronet of scattered inselbergs 
which stand up above the plain, or have been found by boring, and 
accompany the northward-dropping edge of the mountain slope. Before 
this finally sinks below the Pleistocene deposits of the plain, one becomes 
aware of the outliers of a yet lower level, valley courses which are sunk 
in the valleys of the P, level. In the Mulde region this lowest pre-Oligo- 
cene valley-level is clearly to be seen as far as the junction of the two 
branches of the Mulde near Grossbothen. There it lies at an altitude of 
about 150 metres. Downstream it is best exhibited north-east of Grimma 
(near Bahren), where the floor of the valley belonging to the P, level has 
been broken up hy various side branches into a miniature inselherg land- 
scape (the height above sea level being about 135 metres), Further north- 
wards the same valley course leads down into an extraordinarily wide 
valley, which seems to reach into the mountain slope from the west. It is 
filled to a considerable depth with Oligocene deposits, overlain by 
Pleistocene material, and near Wurzen the altitude of a valley floor may 
scarcely reach more than too metres. All other connected features are 
mantled by deposits. 

We have here a quite characteristic zone of disintegration between 
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two peneplane levels of a piedmont stairway: inselberg zone, dissected 
region, scarp, lie one behind the other in the direction of the mountain 
ascent. The lower upward-spreading peneplane invades the higher 
region in the form of valleys. This relationship hoids-not only between 
the main levels P, and P, but also between these and the intermediate 
levels—of which only one has been described in detail, though there 
seem to be a number of them**—and between the individual ones of the 
intermediate levels, Old levels are separated from one another by zones 
of convex slopes and can thus be distinguished. At present all levels are 
inclined downwards to the north, all are characterised throughout by the 
concave forms of waning development, and the Lower Oligocene trans- 
gresses over them all. This shows that the transgression of the Lower 
Oligocene is not only later than the time of origin of the P, surface, but 
later than the beginning of the phase of dissection by valleys, and so 
later than the time when the valleys of the lower P, level came into exis- 
tence. It is also later than the long-continued periods when this level was 
spreading at the expense of the next higher one (P,). For the Lower Oli- 
gocene overlies those parts of the P, surface which possess the charac- 
teristics of an end-peneplane and which surround the inselbergs of the 
P, level as a wide flat, The transgression of the Lower Oligocene, the 
lower horizons of which, containing brown coal, presumably pass down 
into the Upper Eocene, did not begin until the early stages of the ats- 
section of the P, level info valleys had reached back into the proximal 
part of the surface. Thus the origin of the lowest piedmont flat that can 
be recognised (P,) is pushed back into the Eocene, and quite obviously 
into its older divisions, "The P, surface is older still. A fower age limit is 
provided for it from the fact that it extends back over the Cenomanian, 
as may be seen a little to the north and west of Freiberg in Saxony*”’, As 
far as this, the Saxon Upper Cretaceous encroaches from the north-east 
with the lowest horizoris so far known (basal conglomerate, and ubove 
that the Credneria stage and the Lower Quader); it appears to follow a 
shallow downfolding of the basement, subsequent further warping down 
of which does not seem impossible. In that region only scanty remains of 
the Cenomanian transgression are present, on the tops of the existing 
intervalley divides; the flatush relief, which is extraordinarily widely 
developed and preserved, here stretches out indifferently over it as well 
as over the crystalline basement and the Palacozoic cover of the neigh- 
bouring Granulitgebirge. The identity of this peneplane with the P, 
level rests not only on its continuous and unbroken connection with this 
same surface in the area of the Granulitgebirge—undergoing alteration 
of form in the same way as well as to the same extent (see p. 216)—but it 
becomes especially evident from the fact that on the one as on the other 





220 LINKING OF SLOPES AND SETS OF LAND FORMS 


remains of the Lower Oligocene transgression are still found. In parti- 
cular they occur even on some of the residuals of the Cenomanian itself, 

The undersurface of the Cenomanian transgression is on the whole un- 
-dulating, and in detail, too, it is not perfectly even, but has trifling flat- 
tish unevennesses; consequently there are frequent local fluctuations in 
the thickness and facies of the lowest Cenomanian horizon, and the out- 
crop of the transgressing surface with its almost horizontal arrangement 
of the beds is only approximately like that of the outerop of a horizontal 
bedding plane. | 

The arrangement of the facies, however, uniformly shows this funda- 
mental feature: towards the south-west the clayey-sandy facies. of 
material deposited at a distance from the highland changes into one of a 
sandy conglomerate. In the Freiberg district, the basal conglomerate 
increases westwards and south-west by approximately the same amount 
as the overlying Quader is diminished***. Obviously the outermost edge 
of the Cenomanian transgression is near there: and not far to the west 
and south-west was the area of contempéraneous denudation rising 
above it, At the present day there is found in that direction, beyond a 
wide stretch of the higher part of the P, surface that is free fram Ceno- 
manian deposits, a scarp Jeading up to the higher peneplane level; and 
in front of this there is no dearth of inselbergs belonging to it®*®, 

[tis highly probable that the higher peneplane, which from its whole 
position can be identified with the P, level, continues under the Ceno- 
manian transgression. The gently undulating lower surface of this shows 
red weathering extending deep into the crystalline rocks?®, Tt is a sur- 
face of subaerial denudation, not of marine abrasion: and its relatively 
graded condition places the matter beyond doubt that jt is a pre-Cenc- 
manian or Lower Cenomanian peneplane. From its position with regard 
to the higher land in the south-west, from the relationship in which it 
stands to the P, surface, and from the facies of the transgressing beds, it 
seems by no means impossible, but rather very probable, that it repre- 
sents in fact the peripheral parts of the P, surface. After a lowering of 
the marginal zone of the highland slope had brought it below sea-level, 
place for the development of the P, surface, just as did the analogous 
sections of the highland slope, at the same altitude, which fay further to 
the west. "These have been found to be connected in the same manner 
with the rest of the highland, but not to have experienced the Ceno- 
manian interlude of flooding by the sea, The diagrammatic profile of 
fig. 18 shows the relationships which are considered to be possible, and 
even probable, here. 

In any case, it is only a period of time corresponding to that of the 
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uppermost Cretaceous deposits, or at most to that of the oldest beds of 
the Eocene, which can be considered for the origin of the P, surface, the 
dissection of which has been recognised as commencing at latest in the 
Eocene period. The origin of the P, surface falls, with a high degree of 
probability, into the Cenomanian period. It is clear, then, that the upper- 
most and oldest treads of the piedmont stairway, P, and P,, as far as 
their origin is concerned, date far back into the Mesozoic era. There is 
nothing more to go upon, yet it is definitely not too risky to assert that in 
the Fichtelzebirge there are form associations which origmated in the same 
way (not al the same place—see pp. 208-209) during the Jurassic pertod, 
and tohich since then have developed further, preserving their character the 
whole tinte, 

The Upper Cretaceous and Lower Oligocene transgressions are not 
events that are peculiar to the course of development of the mountain 
mass, belonging to it organically as normal phases of development; but 
they are episodes which interrupted the normal development of the peri- 
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pheral parts of the mountain block and have their origin in a course of 
development which is peculiar to the part of the earth’y crust which 
bounds it on the north, the area of sedimentation. The following facts 
show that this area 1s on the whole characterised by a constant tendency 
to sink, which it has retained all through the Mesozorc-Tertuary periods, 
during which the Central German Rise may be said to have appeared, 
right up to the present day: the completeness of the predominantly 
marine succession from the Trias to the Neogene, the thickness of the 
Pleistocene deposits, the low levels to which they descend, and the exts- 
tence of areas now covered by the seas which are to be found between 
the Central German Rise and the North European zones of uplift (in 
part very old). This is not the place for going into the history, very 
varied in its detail, of what has befallen the different parts of this great 
area of sedimentation, which has nevertheless preserved the fundamental 
characteristics mentioned above, It is reflected in the extent of marine 
sediments and their continental equivalents, which fluctuated within 
wide limits in the facies of the beds and in the position, varying in detail, 
of the boundary zone between sedimentation and the area of denudation. 
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This boundary zone migrated to and fro, according as the area of sub- 
sidence increased and again diminished in sixe at the expense of the 
adjoining region of elevation to the south, the Central German Rise; i.e. 
according to whether the condition of subsidence spread out beyond its 
own proper sphere or again became more closely restricted to it, Thus 
the transgression of the Cenomanian over the peripheral parts of the 
mountain slope (treated above) was not the result of a subsidence of the 
whole body of the highland; but it was due to gradual inclusion of a part 
of the marginal zone of the uplift-denudation area within the region of 
subsidence-sedimentation, which was temporarily growing in width. 
This process is recorded in the way the Cretaceous horizons transgress 
over each other from the Lower Cretaceous to a maximum in the Ceno- 
manian®***, and in the retrogression of the sea and presumably also of 
sedimentation to the north and north-west in Danian times. 

The Lower Oligocene transgression represents a similar sort uf beha- 
yiour. The marine Eocene, including the Bartonian, seems to have been 
still entirely confined to the northern or rather north-western edge of the 
North German Plain. Subsidence and flooding by the sea advanced in 
the Lower Oligocene period as far as the region of Magdeburg, in mid- 
Oligocene times as far as Leipzig; by the Upper Oligocene period the sea 
had moved back again to the north and in Miocene times was restricted 
to the north-western part of the Plain. This is, however, established only 
for the advance and recession of the sea and not for the sedimentation 
as a whole, since this still continued in the form of a continental facies 
far south of what was at that time the coast. Within a transpressing area 
of deposition, the coastline merely denotes the boundary on one side of 
which the intensity of subsidence has exceeded (or just balanced) the 
intensity of sedimentation, whilst on the other side conditions are 
reversed. If, in order to make out the course and total extent of the spread- 
ing crustal subsidence, the bounding edge between transgressing forma- 
tion and area of denudation is followed, there is found a similar ebb and 
flow fram Eocene to Miocene, but no strict parailelism with the shifting 
of the sea-shore. This, in Bartoman times, lay across the northern parts 
of the present Plain; and the lacustrine equivalents stretched as far as the 
neighbourhood of Magdeburg. In the Lower Oligocene, the coast passed 
over these and moved up to this same district, and continental equiv- 
dents covered the peripheral parts of the highland slope up to the level 
of the P, aurface, indicating how far the crustal subsidence reached at its 
maximum, In mid-Oligucene times, however, the maximum extent of 
the sea went to just the same parts of the highland slope; and movement 
in the direction associated with emergence of the highland had again 
established itself, denudation—interrupted by the afore-mentioned 
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transgression—having already begun aga. This is made clear not only 
by the absence of the continental equivalent of the marine mid-Oligo- 
cene beds south of the region of its occurrence—later denudation might 
also account for this absence—but especially by the unconformity which 
can here and there be traced between the continental Lower Oligocene 
(or perhaps Eocene) and the marine Middle Oligocene", ‘This latter 
rests upon a denudation surface at the margin of the highland slope. 

It becomes very clear that the transgressions are ramifications of pro- 
cesses which have their origin in the subsiding area of continuous sedti- 
mentation, and so of conformable bedding, and belong genetically fo tf. 
‘This area is separated from the neighbouring crustal segment of con- 
tinuous denudation (and so of elevation) by a zone of transgressions and 
unconformable bedding, i.e. of crustal variations, This arrangement is 
repeatedly found; indeed it is the normal thing all over the surface of the 
earth. 





The warping down of the peripheral parts of the highland slope*** in 
the Cenomanian, and especially in the Lower Oligocene, occurred in 
such a way that the transgressing beds left the existing land forme intact, 
and simply buried them, It is not possible to detect any development of 
slopes beneath a cover, Obv iously this is to be explained by the extra- 
ordinarily flat nature of the land in Cretaceous and early Tertiary times; 
30 that with even small amounts of subsidence in unit time, the trans- 
gression and its deposits could spread, and indeed were forced to spread, 
not only over great areas but also with relative rapidity. The material of 
the transgressing beds is to be correlated with denudational processes 
in the regions that stand up higher. It cannot be said that the Ceno- 
manian and the overlying Cretaceous horizons together with the Lower 
Oligocene are strata which can be correlated with the formation or origin 
of a definite set of land forms; but they are correlated with the epochs con- 
cerned tn the further development of the given form associations which, as 
the investigation into the piedmont benchlands has shown, continues to 
the present day and has remained unaltered in its direction: progressive 
dissection by valleys and breaking down of the scarps between the pied- 
mont flats, with the growth and extension of these flats at the expense of 
those next above them. There is no need to follow here the further de- 
velopment of the highland slope as upwarping recurred at the peripheral! 
parts, which had been covered by the Oligocene sediments, as the over- 
lapping deposits were gradually removed, as their under surface became 
transformed, and as the sharply V-shaped valleys—which even at the 
present day are found at the lowest parts of the slope—began to appear, 

There has not yet been enough investigation to provide a world pic- 
ture of the distribution of piedmont flats and piedmont benchlands, It is 





224 LINKING OF SLOPES AND SETS OF LAND FORMS 


in the nature of the case, and may be deduced with certainty from the 
present observations, that this is by no means a phenomenon confined to 
the German Highlands, The characteristic arrangement of piedmont 
benchlands may be recognised, amongst other [places], in the Atlantic 
slope of the Appalachians, Only the general outlines are known? =, We 
will pass over the interpretations of the features so far given since 
throughout they are based on the fundamental assumption that the cycle 
of erosion ts applicable, and will consider only the features themselves. 
The highest and oldest of the known levels?“ is formed by mountainous 
country which adjoins the main body of the southern Appalachians, and 
is in a far advanced state of breaking down into inselbergs and groups of 
similar residual hills. Its relationship to the surrounding peneplane— 
which once stretched continuously over the Appalachians and is still 
preserved in North Carolina as fragments of considerable extent—is that 
of a central mountainland to its piedmont flat. From the accordance 
shown by the summit heights of its upstanding parts, Willis concluded 
that these represent the remains of a higher, completely dissected, pene- 
plane level. This conclusion is fully justified by the flattish form associa- 
Hons still to some extent preserved on the convex curves of the mountain 
topa**". | 

The younger school of morphologists believes that monadnocks of 
resistant rock can be recognised here all over the area. 

The surrounding peneplane is generally ascribed to the Cretaceous 
age. In any case it originated in pre-Neocomian times. It extended uni- 
formly over the Appalachians; and their crests are at this level where 
fragments of the actual peneplane are not still preserved, The Cumber- 
land plateau and the high-level platform of New England are considered 
to belong to it**. A second central mountainland, analogous to that of 
North Carolina, projects above it in New Hampshire. Its continuation is 
found in the under surface of the transgresaing Lower Cretaceous beds 
of continental facies (Potomac, Upper Jurassic to Neocomian), the out- 
crop of which surrounds the Appalachians as an arc on the east and south 
in the Atlantic coast region. ‘This under surface is not even, but has the 
undulating relief characteristic of a peneplane, Between its appearance 
at the surface and the continuation on the mountain topa, there is a gap 
which is occupied by the ‘piedmont plateau’, a third, yet lower, pene- 
plane level. It is the orginal type of piedmont flat. Reaching away over 
the upper edges of the Cretaceous transgression (Neocomian to Seno- 
nian), it goes inland over the crystalline mass of the eastern Appalachian 
foreland and the blocks of continental Trias let down into it; it approaches 
the mountains, which rise above it in a pronounced acarp, and continues 
into them in the form of wide valley floors. The scarp between the two 
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peneplanes is developed in a particularly impressive manner in the 
southern Appalachians, Well preserved, extensive relics of the Creta- 
ccous (more accurately pre-Neocomanian) peneplane—the Blue Moun- 
tain plateau—end in a sharply convex break of gradient above the high 
scarp with its: concave curvature, from which long intervalley spurs, 
crowned by inselbergs, gradually sink down towards the lower ‘piedmont 
plateau'**". Karely are the characters of « piedmont benchland scarp 
more clearly noticeable than here! 

Up till now, the peneplanes at these various levels, and throughout 
their whole extent, have been considered as end-peneplanes, as [Davi- 
sian) peneplains; but only very vague notions prevail as to their origin, 
since attention was never directed to the core of the problem, the de- 
velapment of slopes. Nor has investigation of the Appalachian pene- 
planes ever gone beyond the statement of hypotheses about the mode of 
origin of peneplanes in general: uplift of an area, and subsequent denuda- 
tion which achieves its ultimate aim, peneplanation, on a block which is 
considered to be at rest. Under such circumstances, the step-like repetition 
of peneplanes presented insuperable difficulties of interpretation, and it 
remained a complete enigma. In his explanation Cl, Lebling (loc. cit.) 
assumed that the scurp between piedmont plateau and ‘Cretaceous’ pene- 
plane was a receding fault scarp; thus he maintains that both levels are 
one and the same peneplane which have come to be at different altitudes 
on account of the throw of the fault. Not only can this working hypo- 
thesis be dispensed with, but it in no way accords with the geological 

To begin with, the fault in question haa not been established, No 
throw cute across the Cretaceous-Tertiary strata which loop round the 
southern end of the mountains transversely to the Appalachian strike. 
The strike faults in the piedmont plateau appear throughout to be of 
pre-Neocomian age. Hence Lebling assumes further that the fault peters 
out southwards, However, the lobec scarp does not end in the direction 
mentioned, but borders the Appalachians along the whole of the eastern 
and southern slopes. Its highest part is at the latitude of the central moun. 
tainland of North Carolina, and becomes lower to the north and to the 
south, Hence no other conclusion can be drawn but that the conditions, 
which led to the creation of a particularly high central mountainland, 
continued to operate in the same arca and permitted the development 
of a specially great difference in level between the two lower peneplanes, 
_ Apparently this has been continuing right inte the most recent period, 
since in this same area the Appalachian rivers were again able to incise 
purticularly deep V-shaped valleva in the piedmont plateau, At the lati 
tude of the central mountainland the differences in altitude between 

¥ MA, 
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all the denudation levels appears to be greater than farther to the north 
or to the south. 

Finally W. M. Davis, dealing with New Jersey, published his con- 
clusive research on the relationship of the piedmont plateau to the 
‘Cretaceous’ peneplane. There the gently undulating lower surface of 
the Cretaceous passes over the crystalline material, with the Triassic 
blocks downtaulted into it and the beds of diabase trap intercalated in 
the Trias. Inland, these same diabase layers rise up as lines of heights 
above the piedmont flat, which is capped by the uppermost beds of the 
Cretaceous, gain in height north and north-westwards, and reach the 
level of those parts of the ‘Cretaceous’ peneplane which are still pre- 
served there?**_ "Thus they play the part of inselbergs which lie in front 
of the margin of the higher peneplane level, stand up above the lower 
and (as has been shown) younger piedmont level, and make it possible 
to establish here and there that the higher surface plunges beneath the 
Cretaceous transgression, 

The geological age of the piedmont plateau is given as Tertiary. It 
was probably formed in the early Tertiary, during the phase of retro- 
gression between the marine transgressions of the Senonian and the 
Mincene™*, Mere is repeated the phenomenon which has been treated in 
more detail for the slope of the Erzgebirge: the area of continuous denu- 
dation (the Appalachians) ts separated from one of continuous deposi- 
tion, in the Atlantic Ocean, by a zone of oscillation—of transgressions 
ard retrogressions; for in the Cretaccous-T'ertiary series, which was laid 
over the edge of the present continent, not only did the facies change 
from continental to marine, and back again, but there are gaps, uncon- 
formities due to erosion, which, as one goes inland, comprise ever longer 
intervals of time, Conditions of bedding make it clear that here, too, the 
processes concerned are fundamentally connected, not with the region 
of uplift, but with the properties of the adjoining area of subsidence, The 
strata dip seawards and the gradient is greater, the older they are. By 
way of contrast, there is the upwarping of the ‘Cretaceous’ peneplane®**, 
The direction of movement does not alter, ether in the area of uplift and 
denudation, or in that of subsidence and deposition; but the latter area in- 
creases and diminishes in size durmy the period: of time considered, This 
holds true right up to the present time, during which the peripheral 
parts of the piedmont plateau, till then undergoing dissection, have sub- 
sided together with the sharply V-shaped erosional furrows (e.g, Hudson 
submarine channel), far below sea level. 

Observations on Scandinavia are also available; and these indicate 
that, just as in the Appalachians, the present actively progressing dis- 
section has affected a system of peneplanes, arranged in steps one above 
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another, grouped round a central mountainland in the south of Norway. 
According to Reusch, the ancient upper surface at the summit of the 
Scandinavian Shield is called palacic, and is to he considered a relic of 
the Caledonian Mountains*™*, Ahlmann was able to distinguish on this 
surface a central mountainland and a peripheral peneplane. It cannot have 
been till late Tertiary times that this palaeic area was pushed up, and 
exposed to dissection by valleys which started from a lower peneplane 
level, the ‘strandflat'. This surface, considered by H, Reusch, J. H. L. 
Vogt, E. Richter, F. Nansen and others to be a formation due to marine 
abrasion, by A. G. Héghom to be a [Davisian] peneplain merely modi- 
hed and further levelled by this, bears inselbergs which become in- 
creasingly important northwards and sometimes have abruptly rising 
flanks (Lofoten), It is thus, in fact, extraordinarily like a piedmont flat, 
ancl in its turn has been sharply cut into by erosion furrows dating from 
pre-glacial times*™, ‘There is much here which still needs to be eluci- 
dated, The absence of correlated* strata means that not only is the dating 
of individual form associations at present absolutely uncertain, but is 
also a hindrance to any sure judgment on their type and connections, 
However, Ahlmann's investigations lead one to expect that the pre- 
glacial land forms of Scandinavia will turn out to be a piedmont stairway 
of asymetrical shape and of widely extending dimensions. 

As far as one can judge from the observations available, and as far as 
the literature on the subject gives any information, piedmont benchlands 
of the kind described have been found so far only outside the mountain 
belts. However, knowledge of the actual land forms of the earth js still 
too slight for us to’ see any more in this than the expression of our present 
state of knowledge; yet it may be more than a mere impression that these 
piedmont stairways are typical of the regions of uplift outside the nones: 
of instability, Support is lent to this view by comparing the features 
known to occur in the denudational areas of the mountain belts. But 
here again knowledge is at present restricted to the main outlines, since 
it is only in a few scattered spots that studies have been made in any 
considerable detail. : 


5. BROAD FOLDS 
Peneplanes have been found in the mountain belts in great numbers 
and in various combinations with other form associations=**. Thev have 
here excited particular attention; all the same, until recently they stub- 
bornly resisted any attempt to provide a satisfactory explanation. 'The 
reason for this is easily seen: so long as the theoretically deduced mode of 
ongin for end-peneplanes, or [Davisian] peneplains, was ascribed to all 
[* i.¢. correlated with the denudation by containing its debris. ] 
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peneplines without distinction, the occurrence of such flattish form 
associations in the zones of instability had to remain a complete enigma, 
For, as far as our knowledge of them goes, these belts have not the funda- 
mental prerequisite for the development of end-peneplanes; ‘tectonic 
rest’, i.e. long persisting absence of movement in the earth's crust. Thus, 
explanations about them are very diverse and have to make extensive use 
of various working hypotheses, which are sometimes found to be in 
striking contrast to morphological facts and even more to geological ones. 
We must come back to this. At present the primary consideration is a 
description of the actual features. In view of the great gaps in our know- 
ledge of the configuration of important parts of the mountain belts, any 
attempt at this might appear hopeless. But numerous isolated observa- 
tions, spread over most diversified zones of the mountain belts, focussed 
at several places into more detailed investigation, already make it pos- 
sible to recognise with perfect clearness that not only are definite types 
of form associations constantly recurring, but that their combination ina 
definite manner is obviously typical of vast areas. We will limit ourselves 
to characterising those types of relief. 


(a) The Alps 

This is difficult in mountain ranges like the Alps, where the set of land 
forms has been transformed by Pleistocene glaciation; for, though the 
extent of the remodelling is not known accurately, it must in any case 
have been considerable, Moreover, it hus masked the connection be- 
tween the pre-glacial form associations and their correlated deposits, 
Furthermore, although i is possible to observe these beds in the fore- 
land and even as far as the outer parts of the mountains themselves, yet 
even for such a relatively recent part of the history of the development of 
land forma in the Alps, the relations have been interrupted by the con- 
tinuance of folding into the early Tertiary, the strata of the foreland 
being also involved. ‘his advance outward of the crustal movement has 
added new peripheral zones to the mountain area, According to Alb. 
Heim?"*, these zones are characterised in Switzerland by a certain corre- 
spondence between the surface form and the structure (anticlinal crests, 
synclinal valleys) in contrast to the inner parts of the mountainous region. 
Similar features are to be observed in the southern limestone belt of the 
Eastern Alps, The south Alpine rivers, east of the Adige, traverse the 
more recently added portions in deeply scored antecedent valleys and 
gorges. From these there rise steep slopes which are convex upwards and 
pass into intermediate or even fluttish relief forms on the summits of 
those chains which have not been much broken up into individual peaks. 
Such well-marked forms of waxing development are not unknown in the 
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interior of the Alps, in spite of these parts being far more completely 
broken down into peaks and ridge crests. They are here arranged longi- 
tudinally, following the trend of the mountain chains, and the absolute 
altitude of the intervalley divides remains: considerably less than that of 
the sharp ridges and peaks belonging to the belts of higher mountains at 
cach side. In contrast to these latter, which may be called ridge zones, 
the former appear as depressions, They are followed by the great longi- 
tudinal valleys of the Alps, such as the Rosanna, Inn, Salzach, Enns, 
Puster, Save, Rhone, etc. valleys**’. Newly discovered relationships of 
the glacial deposits lying within these longitudinal valley tracks in the 
Eastern Alps make it probable that, in relation to the high zones border- 
ing them, they are strips of crustal subsidence (left behind [in the general 
movernent]). For some of them, this character has been traced back*** as 
far as the Lower Pliocene (Gail-Drau valley), Middle Miocene (Mur- 
Miirz) and Oligocene (Save, Enns [?]*), and in the majority of cases 
probably reaches far back into the Tertiary. 

Here the characters of the pre-giacial land forms glimmer through a 
veil of glacial remodelling, so that there is no longer full scope for views 
as to their nature, What has already been established above shows that, 
before the Pleistocene glaciation, the Alps were not characterised merely 
by steep relief or by intermediate forma over their whole extent***; but 
that, as today, there were zones arranged parallel to the strike of the 
mountains where steep slopes, leading up from fat valley bottoms to 
high ridges (steep relief) alternated with others in which convex slopes, 
arched strongly upwards, met in intervalley divides with a lower average 
height. This latter type is met with at the outskirts of the mountains and, 
within them, along the longitudinal valley furrows. 

However, the profiles of the steep slopes in the above-mentioned ridge 
zones are not everywhere of the straight-line type, and this can be 
specially well seen on the projecting spurs. This is true even above the 
uppermost limit of glacial rounding, a limit which can be recognised 
with certainty from specific features (striations, erratics, etc,), ‘There, 
too, convexity of profile is very often quite characteristic. Into those 
convex profiles the forms of the glacial period have been notched as con- 
cave sections of the profile. They are subordinate to the former, creating 
discontinuities or breaks in them, but not obliterating them, and thus 
prove that they are developments unprinted later upon the landscape. In 
the region of the cirques, it is these which make the discontinuities; 
along the valley tracks, it is the sharp V-shaped valleys above the 
shoulders of the glacial troughs. ‘The case is similar in the main valleys; 
but the breaks ure far less distinct, and relics of the pre-placial valley 

*W. Penck's [7]. 
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floors have been recognised in them here and there. On the other hand. 
sometimes it is merely a matter of fragments of slope and convex breaks 
of gradient which form component parts of the general convexity of 
protile. Projections and re-entrants which are structurally conditioned 
are not being considered here. ‘That location [on the general convexity] 
and the fact that, even after allowing for the deepening due to glacial 
action, they are often at a really great height above the bottom of the 
valley, permits one to recognise, in these interruptions and breaks of 
gradient, features that are not only pre-Pleistocene creations, but un- 
doubtedly of very ancient origin?*®, Perhaps there is an inner [? genetic] 
relationship with the “£cken' [steps on the intervalley spurs] which J. 
Sélch has studied in the Eastern Alps?**. 

The pre-glacial land forms of the Alps bear the imprint of waning develop- 
ment, which has been ‘overprinted’, but not completely obliterated, by 
glacial remodelling. The forerunners of the steep slopes—the association 
of which is the essential factor determining the nature of Alpine relief 
(steep relief }—were slopes of slighter inclination. ‘They have been pre- 
served towards the tops of the intervalley divides in the zones of the 
longitudinal valleys as well as in the zones of the higher ridges, although 
to avery different extent in the two. Observation of the form of the slope 
confirms the conclusion which, as | have already stressed above, follows 
from the facies of the Tertiary strata of the foreland, from the Stampian 
to the Sarmutiun stage: the grain increases in coarseness from below up- 
wards; and the conglomerate facies, which indicates proximity to the 
mountain border, generally extends further north-westwards into the 
foreland in the higher horizons than it does in the lower divisions 
(furthest in the Vindobonian). ‘This proves that on the whole there was a 
general increase of the gradients in the Alpine region during the Oligo- 
cene and Miocene, and therefore an increase in their altitudinal model- 
ling**, ‘The mountains have been increasing in height from the earlier 
‘Teruary periods to the time of the Pleistocene glaciation, and the in- 
clinations of the longitudinal profiles and flanks of their Valleys have 
been becoming steeper. This last condition accounts for the narrowing 
of the valley cross-sections downstream, the lessening of the distance be- 

‘tween the upper edges of the valleys, which we were also able to establish 
in the same way for the valleys of the German Highlands: In the Alps 
this ia seen moat clearly wherever placial remodelling has not completely 
removed the convex profiles***. 

It must be stressed that the difference in the form of the slopes and in 
the altitude of the intervalley ridges, as found in the zones of the longi- 
tudinal valleys and the ridge zones, has not the slightest connection with 
the character of the rock. The same Hauptdolomit and Wettersteinkalk 
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which compose the high, sharp-edged ridges and pyramidal peaks of the 
Lechtal Alps and east of it, form rounded bosses (‘Rundlinge’) along the 
furrow of the Inn valley. These bosses are preserved in many places, and 
are characterised by a lower altitude, similar, however, amongst them- 
selves. The various crystalline rocks of the Silvretta and Otztal nappes 
outcrop south of that longitudinal valley zone to form the steep flanks of 
soaring knife-edged crests; but within it they give rise to rounded ridges 
with flattish summits keeping to about the same level as the previously 
mentioned ridges of ‘Triassic limestone and dolomite, etc, This arrange- 
ment is the more conspicuous because elsewhere in the Alps the adapta- 
tion of individual forms to rock material is extremely close, as i to be 
expected in regions of great denudational intensity (steep relief). That 
adaptation is most clearly expressed in the arrangement of the final 
branchings of the valleys and of the furrows working up the slopes, These 
follow zones of less resistant rocks and make them apparent by the 
course of each section of the valley, by the gradient of the individual 
slopes, and by the relative height of the individual intervalley spurs, but 
not by the shape of the slopes. Within a zone of ridges the rather gentler 
slopes, which meet in lower ridges, are associated with mobile types of 
rock (e.g. the Liassic Fleckenmergel) as contrasted with the adjacent 
more resistant limestone or dolomite (see Plate IX, illustration 1), But 
they are sharp-edged, and not rounded ridges with convex profiles. It ts 
not, therefore, difference in rock resistance which leads to the develop- 
ment of the two different types of form that are to be met with in the 
ridge zones and longitudinal valley zones of the Alps. 

A further feature that is independent of glacial remodelling is the uni- 
formity of the summit levels. ‘This proves to be independent not only of 
the folded structure but also, within wide limits, of the nature of the 
rock. A. Penck has termed this the gipfelflur and has shown that, so far as 
it is a matter of Alpine conditions, it cannot well be the heritage of an 
hypothetical peneplane which once stretched over the Alps and out of 
which the present relief might be supposed to have been sculptured 
later®5?, On the contrary, the gipfelflur shows a notable connection with 
the distribution of slope form. If one thinks of it as a surface which ts 
tangential to the peaks and to the summits of the intervalley divides, that 
surface does not form a simple arch, including the whole mountain sys- 
tem from north to south: but it has in cross-section the form of an arch 
with undulating curves or one compounded of undulations. In the region 
of each ridge zone, it swings up a$ a wave crest, and it sinks like a wave 
trough along each zone of Jongitudinal valleys. The dowmmarping of the 
gipfelflur coincides with those strips of the mountain system in cohich very 
flat slope units are still to some extent preserved on the tops of the intervalley 
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divides, these being the wery ancient forerunners of the steep valley flanks; 
the upward swings of the pipfelflur coincide with equally elongated and 
narrow portions where nothing can notw he seen af such former flattish pre- 
cursors of the steep slopes. But that these were here also, though at a much 
greater height above sea level than within the zone of longitudinal 
valleys, is proved beyond question by the convexity which can still be 
established for the profiles of the slopes. 

The Alpine gipfelflur shows gentle curvature up and down, not only 
in its cross-section but in its longitudinal section as well. This is directly 
visible to an observer turning his gaze to the distant mountains from 
somewhere in the Black Forest or on the southern slope of the Swabian 
Alb, "There the gradual upswingings of the gipfelflur appear clearly 
above the glaciated massifs and groups of peaks bounded by lines of 
longitudinal and transverse valleys. Very often the names given stress 
the fact that these groups are units (Bernese Alps, ‘Titlis-Dammastock, 
Tédi- group, Silvretta group, Bernina group, Ortler group, Otztal Alps, 
etc.). In between, the gipfelfiur sinks down, and most of the great trans- 
verse valleys, and the low gaps form ing passes, are sunk in these areas of 
depression. Another very conspicuous feature is clearly connected with 
the arrangement of the gipfelflur: strict as may seem the adaptation of 
individual forms to rock materials, the course of the main Alpine valleys is 
on the whole independent of the structure of the folds and nappes, and it is 
from these valleys that the complete disintegration of the whole moun- 
tain. system into the well-known sea of peaks has taken its start. Alb, 
Heim sees in this an inheritance (epigenesis) derived from the ‘oldest, 
first tectonic lines on the upper surface of the rising mountain mass’. He 
assumes that the course of the principal valleys was, in the main, deter- 
mined by the earliest processes of folding and nappe formation: and that 
this course was maintained right through the Insubrian phase of the 
folding, in 4 mountain system which might be considered as completed 
by that time. A subordinate part in directing the Waterways js also 
assigned to later dislocations, apain considering only those phenomena 
associated with the folding of strata and the formation of nappes***, "This 
interpretation is based on the assumption—which has yet to be proved — 
that folding of strata and nappe formation produce a surface gradient 
which allows water to flow and erode and thus directs its work. So far-all 
that has been established is that the lines of the principal Alpine valleys 
are independent of the internal structure. On the other hand, a conse- 
quence of the recent establishment of this fact hus been to draw atten- 
tion to other relat onships: the longitudinal valleys are incised in the depres- 
trons along the strike of the sipfelfiur, the transverse valleys usually where 
its sinkings run transversely to the mountain system, Un addition, there are 
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transverse valleys which are antecedent in their nature, especially in the 
marginal zones of the mountain region (sce p, 228), and those for which 
it is impossible to decide whether antecedence or backward working 
erosion has determined their course. ‘The problems which crop up here 
involve questions of erosion and of the associated development of slopes. 
This is obvious as regards the origin of the gipfelffur, which is nothing 
but the result af complete dissection by valleys, and the arrangement of 
their main lines. It applies also to the up and down undulation of the 
gipfelflur, which cannot well be the result of later warping, since its 
risings and fallings—following some definite law and independent of the 
nature of the rock material—are associated with the occurrence and 
preservation of different form types. These latter indicate that the causes 
of erosion were and are different in the zones of depression from those 
where the gipfelflur rises. 

In the north, in the foreland, a peneplane adjoins the Alpine system of 
pre-glacial form-associations. Of post-Sarmatian origin, it alan cuts 
across the Neogene strata of the foreland, and forms the slightly uneven 
surface, with only gentle slopes, which underlies the early Plerstocene 
outwash gravels (first Ice Age). ‘The relation of the peneplane to the 
mountains is similar to that of a piedmont flat to its associated mountain- 
land. However, without further information, it is not possible to draw a 
parallel between the pre-glacial peneplane of the Alpine Foreland and a 
piedmont flat such as has been considered in earlier sections. An essen- 
tial characteristic of the latter was its close connection with the land 
rising up above it: both are superficial portions of one and the same zone 
of uplift, both belong to a crustal segment which 1s an endogenetic unit. 
‘This is not true for the pre-Pleistocene peneplane of the Alpine Fore- 
land. It extends over a part of the crust which has always been moved in 
a different way from the neighbouring Alps. Until the Upper Miocene 
period, it was sinking relatively, and was an area of deposition for the 
material removed from the mountains which were simultaneously rising. 
Even at the present day, it still behaves in a fundamentally different 
manner from the Alps, as is shown here and there by the different charac- 
ter af the erosional incisions. The Alps and their foreland are, as regards 
their endogenetic type, twe different portions of the earth's crust, and so 
the peneplane in question is not of the usual piedmont type. 

Piedmont flats are, nevertheless, by no means altogether absent from 
the Alpine region itself, ‘Their existence has heen established in the cast- 
ern part which, in contrast to the west, ia characterised throughout by 
more extensive preservation—on the watersheds between the deeply 
sunk valleys—of older form associations. In part, this is obviously due to 
a different course of endogenetic development; the decreasing influence 
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of glaciation towards the eastern edge of the mountains certainly also 
plays apart; but the occurrence of massive and extensive Mesozoic lime- 
‘stone deposits seems to be of outstanding significance. These, like per- 
meable limestone in general, tend to preserve the forms of denudation— 
other things being equal—and are less easily dissected into valleys. Thus, 
on the limestone plateaus of the northern and the southern Calcareous 
Alps, ancient form associations of the intermediate form type still occur, 
to some extent, over wide areas, They are not peneplanes, but moun- 
tainous country, which possesses throughout the concave slope profile of 
waning development and has its limits fixed by sharp breaks of slope at 
the steep declivities of the deep valleys that reach up into it?™, 

In the north, the series of limestone plateaus extends from the Inn to 
where the mountains descend to the Vienna Basin. The ancient land 
forms on their summits are everywhere of the same type. The general 
gradient, directed northwards towards the foreland, is unmistakable; and 
in this direction the differences in altitude lessen ao that medium relief 
approximates to flattish relief, to a peneplane. Furthermore, along the 
valley ways of most of the limestone plateaus, there are found pebbles of 
central Alpine origin, which show that watercourses flowing towards 
the foreland crossed the zone of the nappes of the Calcareous Alps and 
helped to form the valleys within the plateau areas?*"", Because of these 
imiform features the yiew is held that form associations on the heights of 
the various limestone plateaus are parts of a single uniform region of 
similar origin everywhere, both as regards type and ape, and were form- 
erly at one and the same original level. Their present very varied altitude 
is to be traced in part ta later additional dislocation®’. ‘That is, how- 
ever, true only for individual cases, G. Gotzinger, who haa made the 
most detailed study of the plateau surfaces in the northern Calcareous 
Alpa, stresses the remarkable independence of their set of land forms not 
only with respect to fold and nappe structure but also to later faulting ?*, 

In addition, it has only rarely been possible to find, between adjoining 
plateau surfaces at different levels, faults or flexures in the stratification 
to which the variations in altitude could be traced, On the other hand, 
F, F, Hahn established for the Saalach region (Salzburg Calcareous 
Alps) two different levels, independent of one another, at which the 
limestone plateau lands were to be found. ‘These plateaus exhibit a con- 
siderable degree of mountain relief, the wide valley floors of which have 
been partly preserved as planated surfares, Ina southerly group of lime- 
stone plateaus (Kaisergebirge as far as Tennengebirge and Ubergossene 
Alm), these show a general rise southwards from $00-1750 metres or 
more (on the Untersherg near Salzburg) to about 2600~2800 metres (on 
the Ohergossene Alm), The summits of the peaks (of moderate height) 
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behave in a similar way. [n the northern group, however, the planated 
surfaces are about 1500 metres, the heights of the summits fairly regu- 
larly round about 1700 metres, ‘That is the lower level, In two places it 
reaches as an embayment far southwards into the zone of the higher 
limestone plateaus (Latrengebirge, Kirchberg-Kalkstein) and so is inter- 
locked with the higher level, just like two peneplanes of a piedmont stair- 
way and not as if depressed by fault or flexure. Apart from these two 
embayments, the two levels are spacially quite distant from one another 
and are separated by a low-lying belt in which nowadays the Saalach is 
incised. ft is of just the same type as the previously mentioned ‘longi- 
tudinal valley zones’; but it has a north-castward trend and has a pro- 
nounced gradient which is to be recognised by the remnants of planated 
surfaces preserved on the intervalley divides (from 1500 metres in the 
south-west to about 1ooo metres in the north-east)*"", 

The depression is not a fault dislocation nor a down-fuulted trough, 
by which fragments of older form associations might have subsided with 
respect to the plateau zone rising up above it on both sides; but its ongin 
is a8 ancient as these themselves. It was aiready in existence before the 
close of early Tertiary times, as follows from the down-faulting of the 
brow of the Berchtesgaden nappe which occurred at that time and 
which coincides with the line of the Saalach. It also proves to be a stip 
which was being left behind (sinking relatively), with respect to which 
the northward bounding plateau zone (the lower of the two plateau 
levels) moved upwards, This process had been recorded in the position 
of beds of the Carnian horizon. From its position, its arrangement and 
its characteristics, the Saalach depression can be compared only with a 
downwarped strip of the gipfelflur. The plateau zones on either side, 
however, fall into the class of ridge zones of the high arched gipfelflur 
previously discussed. It thus seems all the more probable that on the 
high limestone plateaus there formerly existed, and have been preserved 
to a considerable extent, the less inclined slope: units which must once 
have been also present claewhere in the zones of ndges, but have by 
now been replaced by their steeper successors, 

Should confirmuition be found elsewhere for the relationships here 
indicated, then the plateau regions must be given a status of greater in- 
dependence than hitherto. They are not to be considered as relics of a 
relicf which extended uniformly over the slopes of the mountain system, 
as a single unit from the northern margin of the Alps mght up to their 
crest. Rather, they appear to be fragments of a set of land forms peculiar 
to the individual wave-like or range-like upswingings of the mountain 
system, which are arranged, on the whole, parallel to its strike. 

This would not necessarily imply a different ave for the plateau landa, 
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There are, however, some indications of difference m age, notably be- 
tween the plateau fists of the Fore Alps and those of the High Alps. An 
early Miocene or pre-Miocene age has been ascribed to both, since in 
the Vienna Basin shore lines of the Pontic Sea have been cut into the 
steep faces of such limestone plateaus, implying that at that time the 
plateau lands were already dissected by deep valleys incisions, and were 
separated by steeper slope units from what was then their base level of 
erosion. A further proof of age is that the sea level of the second Mediter- 
rannean and of the Sarmatian Seas apparently lay at a lower level than 
that of the Pontian Sea. From this it is concluded that in Middle and 
Upper Miocene times the plateau surfaces at first lay quite high above 
the base level of erosion and cannot have been first formed at that period. 
They had already undergone dissection, a process which must have begun 
in the Lower Miocene at latest*?", Thus a first approximation would 
give a pre-Miocene, presumably Oligocene, age for the origin of the 
plateau country in the High Calcareous Alps*". However, some of the 
plateau regions of the Fore Alps, similar except for lying ut a lower level, 
may be younger, ‘Thus N. Krebs draws attention to thick gravels which 
in the Hausruck (north of the Calcareous Alps in Upper Austria) overlie 
the upper freshwater Molasse beds, and to the fact that the level at 
which they were deposited rises rapidly southwards, and seems to con- 
tinue into the plateau surfaces of the zone of the Fore Alps“. ‘This 
would make those surfaces of approximately Pontic age, so that they 
might be considered as fragments belonging to a more recent addition 
to the main mountain mass. Something similar may possibly be true 
for the Saalach district, where the lower, peripherally lying plateau level 
is without doubt more recent than the higher one of the High Calcareous 
Alps, ‘The present state of knowledge does not allow us to carry our con- 
jectures further. | 

Tn the southern Calcarcous Alps similar limestone plateaus appear 
with relics of ancient landscapes preserved on their summits. The plat- 
eaus of the Dolomites (Heilig Kreuz, Tofana, Sella, Pala, ete.) and of 
their eastern continuation as far a3 the Julian Alps, are more or less com- 
parable to the zones of the High Alps in the north, and they occupy a 
higher position. On the murginal chains south of the Val Sugana- 
Bellunese lines, the plateaus are lower and correspond to a zone of Fore 
Alps. There is no connection between the two groups. Indeed they are 
separated from one another by the trough region of the Val Sugana and 
the Bellunese basin, synelinal areas, complex in their detailed structure, 
and the western one, at least, already evident in the Lower Miocene 
(marine Lower Miocene, from Harco to Pieve Tesino), Both have re- 
mained as longitudinal valley zones of relative subsidence (left behind in 
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the raising); and they separate, as more youthful additions, the marginal 
chains (Folgaria—Sette Communi—Venetian Alps, approximately as far 
as the Cellina) from the main trunk. Thus the hilly landscape of their sum- 
mit regions appears to be an independent development belonging to the 
tops of individual mountain chains, analogous to the ancient landscapes 
which we shall meet with on the summits of many broad folds, and not 
merely lower levels which dovetail into the higher one of the Dolomite 
plateau. Those associations of slope units, flattish or of medium gradient, 
found on the summits of the marginal chains, are the forerunners of the 
steep slopes which work upwards into their fanks and from the ante- 
cedent transverse valleys. The origin is of early Miocene date, if not 
older (first appearance of marginal chains). The further development 
into a lively-looking hummocky hill-country, its present character, may 
crosion, by the upward growth of steep slopes, within the Pliocene™™, 
The plateau surfaces of the Dolomites have not yet been investigated. 
Like the northern High Alpine zone they are mountainous country with 
wide valleys, framed by concavely rising flanks which, towards the upper 
part, often curve again into convex bosses and higher plateau fragments. 
This similarity of character points to a similarity in the development of 
the plateau country of the northern and southern Calcareous Alps, but 
in no way fo simultanerty in their development. So far no evidence whiuat- 
ever is known for the geological age of the developmental intervals seen 
in the forms of the plateau surfaces, i.e. the period of waxing develop- 
ment and the subsequent one of waning development, on to the separa- 
tion of summit regions from their base levels of erosion (so far as the 
commencements of the two last-named processes do not comeide), 





(b) EASTERN SLOPE OF THE ALPS AND [TS 
BouNDARY AGAINST THE KARST 

More is known of the connecting link between the Julian Alps and 
the Karst, along which the Pannonian-Adriatic watershed has lain since 
Eocene times, The high Julian Alps, south of the xone of the longi- 
tudinal valley of the Save, end eastwards in the impressive mountain 
the west and south. From Trigiav to Km it has the character of a plateau 
and bears considerable relics of ancient mountainous country (Trglav- 
Krn), These have a quite recognisable general slope towards the south 
and south-east, from over 2500 metres (with peaks ming over 2800 
metres: Triglav) to slightly over rSoo metres; and they break off precipit- 
ously on all sides nowards deeply sunk valleys. Between the headward- 
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working tributaries of the Wocheiner Save [Bohinjska Sava], Bata, 
Selzachtal [Selska Dol] and Péllandtal [Poljanki Dol], the plateau 
surfaces have already been removed, and are only just indicated by 





mountain ranges of corresponding height (the mountain chains of 
Hradica-Schwarzenberg [Rodica-Pasja Ray] and Porzen-Blegas) 
[Poljane-Blegas]*™. 


This is the highest level so far discriminated. It rises above a second 
lower level which has the character of a peneplane. ‘This is continued as 
a piedmont fiat into the valley floors of the higher level, and shows a 
gencral slope eastward, on the average from 1500 to 1300 metres, This 
lower, slightly hummocky surface belongs entirely to the Save region. It 
extends over the heights around the Wocheiner See [Bohinjsko Jesarol, 
so filling up the concave part of the previously mentioned festoon of the 
High Julian Alps, and continues as the Pokljuka and Jelovka plateaus?”®, 
A third Jevel is formed by broad areas of planation widening out to 
plateau surfaces, which are sunk like yallevys into the second level and 
end above the line of the Save at an altitude of about 1000 metres. They 
are followed by the present deeply incised valleys of the Rotwein 
[Radorna Sava] and Wocheiner Save [Bohinjska Sava). 

Sufficient observations have not yet been made for the dating of these 
three elements geologically. ‘The following points have been established: 
the Wochein [Bohinj] is a synclinal region in which, as in the Save em- 
bayment (longitudinal valley zone), marine Middle Oligocene has been 
deposited on a sinking substratum, with lacustrine Upper Oligocene 
over it. The facies of these beds*** show continuous subsidence in con- 
trast to the surrounding parts of the area, These bear the plateau land- 
scapes of the first level, Hence its origin cannot be later than pre-Middle 
Oligocene and perhaps goes back to Eocene. Its development, ic: the 
wearing away by valleys (producing a hummocky landscape) may per- 
haps be correlated with the Wocheiner Oligocene, The second level 
(Jelovka surface) is younger, since it apparently goes over Oligocene of 
the Woche which, in the meantime, had been again disturbed: and it 
may be considered that the strata to be correlated with the formation of 
that piedmont flat are to be sought in the Mediterranean beds (especially 
the Lower Miocene) of the Save embayment: For the third level it 
might be possible to arrive at an approximate determination of the age 
if there were. confirmation of what is so far only probable, though prob- 
able in a high degree: that it is the continuation, as valley forms, into 
higher rising ground of the peneplane which, as an exceptionally flat 
formation, extends over a great part of the mountain area between 
Trieste and the Save. This surface directly adjoins the same outliers of 
the Julian High Alps (Blega’ range) just as the surface of the second level 
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(Jelovka plateau) docs on their northern side, It is, however, mither 
severely dissected in the region of the Pélland valley, Both stand in the 
relation of piedmont flats to one and the sume narrow fragment of the 
main watershed, but lie at very different heights at the edge of the two 
mountainlands to which they belong: the peneplane to the south of the 
Blega’ range has an altitude of about 1000 metres, which is exactly that 
to be expected for the piedmont flat at the exits of the wide valley features 
of the third level mentioned above, It is worth noticing that this pied- 
mont flat is by no means: peculiar to the Adriatic mountain slopes, but 
extends over all the tectonic elements and rock types into the Save region 
and even farther. It is the main peneplane of the transitional region be- 
tween Alps and Karst, and, after the termination of the Julian High Alps 
in the Blega’ range, itself carries the main Adriatic-Pannonian watershed 
running south-eastwards. "l'hus it 1s most highly probable that the vallevs 
of the third level, which F, Kossmat observed in the Save region, do not 
in fact debouch on to 1. We therefore consider the main peneplane to be 
the third level. 

On the Adriatic side it has been dislocated by unlevelled fractures, 
parallel to the Dinaric strike, and broken up into narrow strips which are 
in general inclined north-westwards towards the Italian lowland. Hence 
the individual portions along the meridian of Trieste have very different 
latitudes. From the fact that, as the throw of the faults disappears south- 
eastwards, so do the steps between the peneplane fragments, F. Kossmat 
has been able to prove that it is not a matter of various peneplane levels, 
but of dislocated parts of one and the same surface. 

The main fragment is the Ternovaner Wald [Selva di ‘Tarnova]. Here 
the surface rises from an average of 700 metres in the west to goo metres 
in the east, and over 1000 metres in the north-east. It 1s warped into the 
shape of a saddle, as is scen from the course of the transverse valley of 
Cepovan which has now become functionless***; and the downfaulted 
blocks of the Veitsberg plateau, in the north, and in the south the coasta 
Karst near Trieste—further broken up by strike faults—correspond to 
the troughs on the two sides. The pencplane with its regular height (S00— 

y00 metres) and graded condition encroaches on to the Birnbaumer 
Wald [Selva di Piro) with its totally different structure, there extending 
over, amongst other features, the famous window of Grafenbrunn (Cre- 
material over Eocene flysch, south of Adelsberg [Postumia]); 
and it can be followed, absolutely homogencous, at a constant altitude 
over the wide area surrounding the Laibacher Moos [Ljubljana Moor}. 
In the trough region of the Save district, characterised by the appearance 
of Oligocene-Miocene beds, F. Kossmat sees its continuation in the 
extensive hill country at the same moderate height, east of Ljubljana as 


240 LINKING OF SLOPES AND SETS OF LAND FORMS 


far as the Sann [Sana] (wide elevations of goo-1000 metres). This 
country is penetrated by synclines striking east-west, of Upper Oligo- 
cene and Mediterranean, above which lic Sarmatian beds, the "Save 
folds’ sunk as narrow bands between wide anticlinal zones that are almost 
devoid of Tertiary material, Here a tumbled-looking denudation relief, 
obviously of complicated structure, extends over Palaeozoics and folded 
Trias. "Taking that as a peneplane and equating it to our third level, 
Kossmat reaches a definite conclusion as to the age of that level: on the 
one hand the peneplane goes over the steeply infolded Sarmatian strata, 
on the other hand these are overlain at various places by transgressing 
Congeria beds of Pontian age. From these facts he deduces a Pontian age 
for the peneplane™*, 

However, the relations seem to be by no means so simple, From F. 
Teller’s survey", it follows that even by Middle Oligocene times the 
marine beds extended not only over a folded basement, but over a relief 
which, in the longitudinal valley zone (Save region), may have been 
graded almost to a peneplane, though in the region rising north of this 
to the Steiner Alps [Kaminski Alpi] it was highly uneven, in fact moun- 
tainous***, “This was still true in even greater measure for the lacustrine 
Upper Oligocene transgression. Any future morphological analytical in- 
vestigation of the region must certainly take into account the possibility 
that relics of the Oligocene land surface*™ may be preserved on the anti- 
clines of the Save folds and that they may have merely suffered undula- 
tory deformation, but not been destroyed, in the process of folding. The 
same is true for the Miocene transgression and the form associations 
covered in by it. The Miocene, commencing with a coarse transeres- 
sional facies, extends over the older substratum and over the denuded 
remnants of the Upper Oligocene Sotzka strata. On the map (Cilli- 
Ratschach [Celje-Radete] sheet) these latter are confined to narrow 
synclinal zones into which later the whole conformahle Miocene se- 
quence was also downfolded (locally marine Aquitanian, usually marine 
Lower Miocene to Sarmatian overstepping it), ‘Two conclusions follow 
from this: (@) The undulatory deformation was already in progress before 
and during the uppermost Oligocene and the Lower Miocene. Along the 
line of troughs, the latter overlaps the Upper Oligocene, which is pre- 
‘served there only, and it extends over the anticlines from whichthe Upper 
Oligocene had already been stripped, (4) The denudation surface at the 
base of the Miocene does not coincide with the upper surface of the pre- 
Upper Oligocene times. On the anticlines it must somehow or other 
have been sunk into the latter, been lowered into it (or replaced it); in 
the troughs it goes between (Aquitanian beds), Miocene beds and 
‘Sotzka beds, and so here it lies ahowe the Oligocene surface, Hence rem- 
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nants of Miocene land-form elements are to be expected on the broad 
anticlines also. 

For the time being, no more accurate information can be given as to 
their nature, The following features may be pointed out, Away from the 
entrenched valleys, the anticlinal zones of the Save folds show nothing m 
the way of peneplane. Instead there is a knobbly-looking upland of 
broad flattish domes, the altitudes of which, with all their individual 
differences, show a systematic drop in the direction of the synclines on 
each side and where the folds die out. ‘They thus in a way reflect the 
anticlinal structure. It is probable that these flattish slope mmits on 
the tops of the small convex domes will turn out to be fragments belong- 
ing to a single flattish (almost completely dissected) surface, which ts 
bent down towards the synclinal tracts. While the tops of the domes on 
the summits of the anticlinal zones now lie between goo and 1000 
Metres, and even reach 1200 metres, the lower surface of the marine 
Miocene beds in the same region, even where relatively little disturbed, 
é.g. north-west of Ratschach, still does not reach to 750 metres (the 
maximum altitude so far observed). It seems to follow from the whole 
arrangement that in the antichinal regions the Miocene there found a 
relief already considerably dissected, and filled up the valleys before it 
flooded over the heights, One might almost perceive, in the above-men- 
tioned Aummocky surface, relics of Oligocene origin (in the form, for 
instance, of a peneplane warped anticlinally); and, im the buried valleys, 
remnants of the Lower Miocene relief to which the flatter form associa- 
tione of the anticlinal flanks and the courses of the synctines (i.e. the pene- 
plane-like lower surface of the Miocene) correspond. 

At any rate this much is now clear: in the region of the Save folds no 
uniform peneplane is present, which could be conaidered as the direct 
continuation of surfaces at a similar altitude, whether those in the north 
(Steiner Alps [Kamin&ki Alpi}) or in the south (High Karst). ‘These last 
are more likely to be rising or uplifted parts of the mountain system, 
which are equivalent, not to the individual Save folds, but to the whole 
synclinal region (zone of longitudinal valleys) within which the Save 
folds occur a8 a special deformation. 

In particular, the explanation here cannot be that of a peneplane 
which bevels the Neogene synclines. A lower denudation level is de- 
veloped, on the Neogene of the Save folds, at a height of about 500 
metres; sinking eastward and westward it yet remains at a consideruble 
height above the present valley level. It is charactensed by lines of 
entrenched valleys, which are by no means confined to the Neogene 
but extend on to various tectonic and petrographic rones (Pulacozoics, 
Trias) as an independent level. This valley level is of Pontian age, 
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as is proved by the penetration into it of unfolded Congeria beds near 
Lichtenwald. 

Thus, in the area under consideration, there is nothing to go upon for 
dating the main peneplane of the coastal High Karst. For the time being 
the commonly accepted generalised date—Miocene***—cannot be veri- 
fied and more sharply defined. The origin of the third level is certainly 
later than the main Oligocene folding. 

‘Thus we are still very far from any exact knowledge of the geological 
interval which lies between the times of formation of the denudation 
levels treated here, from their inception until they were separated from 
their base levels of erosion by the intercalation of steeper and younger 
slope units, ie. until they began to be dissected. But this one thing is 
certain: in the boundary zone between the Alps and the Karst, there 
occur at several levels, one whove another, ancient form associations, of 
‘subdued modelling, sometimes of a most symmetrical character, which 
are connected with one another after the manner of piedmont flats, The 
approximate time of their formation is between the Eocene and the 
Upper Miocene, a short interval of time compared with the rate at which 
denudation can work, 4 time during which continuous and vigorous 
crustal movements were occurring. In view of this, it is surprising that 
no doubt has been cast on the correctness of the assumption that all these 
peneplanes, and peneplanated fragments, developed as typical end- 
peneplanes, [Davisian] peneplains, during pauses in tectonic activity, 
The desire to find these has often had the effect of prejudging the issue 
as regards establishing them. ‘his is especially true of the adjoining 
areas to the south-east, the Dinaric Karst, where are to be found the most 
nearly graded peneplanes known anywhere. In parts they have been 
shown to belong to different levels: like true piedmont fats the lower 
ones continue as valley forms into the higher ones***, But as regards the 
level fragments on the summits of the various chains, separated by strike 
depressions containing series of polyes together with lacustrine deposits 
of various ages, the identification is quite uncertain, The tectonic con- 
structions invented to fit it seem to have absolutely no foundation®*4, 
The intervals of tectonic repose which the ‘peneplanation’ of the whole 
mountain area demanded, and which were accordingly found, could nat 
possibly have been anything but so short that whole mountainous 
regions must have melted away, like butter in the sun, for them to have 
reached the condition of an end-peneplane in that time, Neither at the 
boundary between Alps and Karst, nor in the Dinanc Mountains, is it a 
Matter of trite end-pencplancs, but of a primary peneplane, The pied- 
mont flats, widespread in both cases, fall into the same category. ‘The 
trend of their development, from the moment of their inception on- 
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wards, is the same as has been found to be characteristic of piedmont 
flats, The manner in which their development in the Karst was carried 
out Was, of course, somewhat different, being determined by the special 
processes of denudation associated with a terrain of soluble limestone: 
Yet even in the Karst, piedmont flats grow at the expense of land rising 
above them, and in their turn become shortened from below by the 
growth of lower flats. ‘This is the way in which the steps have been 
formed between the peneplane levels (or planation levels) in the Dinaric 
Mountains, steps which have long attracted special attention on account 
of the grandeur of their scale***. Their slopes rise up concavely from the 
lower flats and pass over a3 convex curves or, with a sharp convex break 
of gradient, into the higher fragmentary levels. ‘The flight of stepa begins 
at, and progresses from, the valley-ways which cut into these surfaces 
and divide them into lobes. The valleys debouch on to the piedmont flats 
where they find their nearest base levels of erosion®*“, As A, Penck had 
recognized and A. Grund, O. Maull*" and others later worked out in 
more detail, the enlarging surfaces thus not only have an inclination 
which corresponds to the direction of the drainage, but are directly con- 
nected with individual main watercourses, The intervalley divides be- 
tween the backward cutting tributaries become narrower, and dis- 
integrate into inselbergs which rise above the peneplaned surfaces 
(‘mosors’ of A. Penck*). Thev are excellently developed, like all the 
other characteristic features due to the extension of piedmont flats in the 
boundary region between the Alps and the Karst; and they have been 
studied here by N. Krebs and F, Kossmat. In groups and singly, they 
rise to an average of 400 to 500 metres above the chief graded peneplane 
(third level) and by the same amount on its faulted fragments, They 
usually still show flattish tops, and south-eastwards they gradually merge 
into a higher plateau surface (Mrzovec, Goljak, Nanos, Javornik, ctc.). 
They are the relics of an older peneplane level, which has been preserved 
in such extensive fragments in the direction of the Schneeberg [M. 
Nevoso] of Carniola [Slovenia] that the flat character of its relief can be 
readily perceived. The south-eastern Tschitschenboden [Monti dei 
Vena] also belongs here. The altitude of this highly disintegrated aur- 
face corresponds perfectly with that of the second level on the castern 
slope of the Julian Alps, The two may be identified with one another, 
since both lie on the same strip of mountainland between the same down- 
faulted areas (Save zone and Adria). The Sehneeberg [M. Nevoso] of 
Carniola [Slovenia] mses like an inselberg above the second level of the 
coastal High Karst. It is the north-western outlier of a group of emin- 

[?.A. Penck, Geomorphologizche Studien aus Bosnien und der Hersegorcina 
(Zeitechr. deutsch. und 6st. Alpenv. XXX1, 1900). ] 
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ences Which seems to have a yet greater significance in the neighbouring 
Croatian Karst, and by its age and position appears to belong to the first 
level of the Julian Alps. This inselberg zone extends on one and the 
saine crustal strip from the extremity of the Julian Alps south-eastwards 
along the strike of the mountains; F, Kossmat is correct in assuming it to 
be the fragments, already reduced to a minimum, of the earlier Adriatic 
Pannonian watershed. 

On glancing back, we find the Alps to consist of an arch which is 
diversified along its strike by upswingings like wave crests and depres- 
sions like wave troughs. ‘This form ts reflected in the course taken by the 
absolute heights at which the gipfelflur is maintained, This is a character 
which, as will be shown, is of outstanding importunce for diagnosis. The 
whole wave system, as the Alpine arching may be termed in a purely 
descriptive sense, is furrowed by valleys and extensively disintegrated 
into ridge crests and individual peaks, the wave crests being equivalent 
to the ridge zones just as the wave troughs form the zones of the longi- 
tudinal valleys. This disintegration becomes noticeably less towards the 
eastern end of the mountain system, as expressed in the older, gentler 
form associations on the intervalley divides of the High Calcareous Alps 
(which correspond to the zone of ridges). Three further sets of features 
must be pointed out, which become more and more marked in the eastern 
part of each mountain group and. at the eastern end of the Alps them- 
selves: 

(a) As the absolute height of the gipfelflur (discounting the above- 
mentioned wave-like manner in which it is divided) diminishes towards 
the northern and southern edges of a cross section through the ridge 
crests, $0 also it lessens in an eastward direction along the trend of the 
mountains, Together with this, even on the summits of the centrally- 
lying ridge zones, flattish and intermediate form associations appear ever 
better preserved and extended more widely, forerunners of the stecp 
slopes belonging to the present sharply V-shaped valleys. As yet these 
have been little studied, though they have often been noticed#** (e.g. 
Bachergebirge, Saualpe, the northern end of the embayment of Graz, 
ete.); and their analogy with the plateaus of the Calcareous Al pine zones 
has been rightly stressed. ‘They are their equivalent in developmental 
history, but whether this is also the case as regards time is still un- 
known***, In its main features, this whole configuration is independent 
of the fold and nappe structure as well as of the character of the rock®®°. 

(6) Not only does the mountain arching, taken as a whole, sink east- 
wards, but also in this direction its undulations become ever sharper, 
and this can be recognised as a tectonic characteristic. The-origin of the 
zones of longitudinal valleys has here proved to be. in parts, very 
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ancient. By mid-Tertiary, and locally early Tertiary, they were in being, 
as may be scen from the intercalation in them of strata of corresponding 
age. ‘These can be correlated with the progressive denudation of the 
accompanying ranges. The beds are not parts of a uniform nappe which 
was once more brought down into the troughs of the longitudinal yalley 
zones, depressed or faulted into them and so preserved there; but they 
invade zones which were sinking, relatively, and were thus becoming 
areas of sedimentation. Moreover, they do not lie on the floor of an 
hypothetical syncline, but mantle a denudational relief which the zones 
of the longitudinal valleys had preserved, a relief which therefore had, as 
it were, been carved in the floor of an hypothetical syncline. Crustal 
movement, continuing night up to the present day, has distorted the 
invading Tertiary beds, and has caused their further relative subsidence 
(partly through faulting). Aside from this, what can be observed near the 
end of the mountain system is.a repeated alternation of sedimentation 
and denudation, shown especially clearly in the area of the Save longi- 
tudinal valley zone. Here, according to investigations made by F. Teller 
and F. Kossmat, the following stratigraphical development is to be 
found (see p. 240): 
Above a surface of denudation (unconformity), marine Mid-Oligo- 
cene (corresponding to the Castel Gomberto strata) here follows the 
folded Palarozoics and Trias, It tsa littoral factes. 


Unconformity—surface of denudation, 
Lacustrine Upper Oligocene with Cyrena. semistriata, Cerithium 
margaritacesm, Anthracotherium magnon (Sotzka beds corresponding 
more or less to the lower freshwater Molasse of the Alpine Foreland). 


Unconformuty. 
Marine Aquitanian (limestone with Lepidocyclina); locally restricted, 
i.e. lying in the hollows of the relief; above it there follows conform- 
ably and stretching far out®*": 
Burdigalian | which extend westward a considerably shorter distance 
Helvetian fs the synclinal region of the Save than do the Sotzka 
Sarmatian | beds (e.g. not so far as the Wochein [Bohinj] trough). 
U/nconformity. 
Pontian. Pebbles and Congeria beds. ‘The transgression extends only 
as far as the outer edge of the Save folds. 
Denudation surface. 
Levantine. ‘The transgression no longer extends to the edge of the 
mountains. 
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There is on the whole a retrogression, a moving outwards of the 
spheres of sedimentation, a swelling out of the area of denudation. The 
process has not, however, been continuous, but has run a periodic 
course, interrupted by transgressions of a secondary order. 

(c) The backward and forward oscillation of the area of Tertiary sedi- 
mentation is no peculiarity of the Save embayment, but is characteristic 
af the whole zone within which the Alps plunge eastwards into the 
Pannonan Plam. Although, according to what is at present known, the 
exposures nowlhiere indicate so great an age in the Tertiary sequence as 
in southern Styria and northern Carniola; vet from the detailed investiga- 
tions of W. Petraschek, J. Sdlch, A. Winkler, V. Hilber, A, Aigner and 
others***, the following may be considered an assured general result: in 
the tastern marginal region of the Alpine arching, a zone of unconfarmities 
Separates the mountarnous district in the west from the area of continuous 
sedimentation tn the east. This applies above all to the sections of the 
Tertiary with which we are here concerned, those up to and including 
the Levantine. ‘Thus exactly the same phenomenon is repeated as that 
which was also observed at the edge of zones of uplift in the region of 
the continental massifs (pp. 224, 226). 





(c) ANATOLIA 

In spite of the considerable disturbance by folding which: has affected 
beds as late as the Upper Miocene Sarmatian in the east part of the 
Eastern Alps, it is evident that their great wave-like undulations along 
the strike are comparable with the tectonic type of broad folds. The 
earliest account of the form and development of broad fold structure 
comes from Anatolia™’. 

Considering origin and arrangement, two regions are to be distin- 
guished there: (a) the western part of the peninsula within the Tauro- 
Dinaric festoon, and (6) the festoon itself. 

(a) The western and north-western broad folds are characterised by 
the way in which their course (E-W) is entirely independent of the 
atructure of the folded strata. In these latter, it has so far been possible 
to distinguish fold features, possibly of pre-Cambrian, certainly of Palae- 
ozone age (apparently feo late Palaeozoic phases), pre-Cretaceous to 
Lower Cretaceous, Lower Eocene and (posthumous) Oligocene. 

(4) In the festoon, the strike of the broad folds coincides with that of 
the folded strata, which are of Eocene age in an inner zone and of 
approximately Mid-Oligocene in an outer zone (referring here only to 
the Western and Lycian Taurus), There are indications that even at that 
time folds, which had just arisen or were arising, and rock slices, col- 
lected: into fasces, emerged as individual ranges, i.c. a8 anticlines of a 
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major order, which shed their debris into adjoining troughs of a similar 
order. For the main part, however, in both areas the formation of broad 
folds, of their present extent and appearance, falls into the subsequent 
period, lasting from the Upper Oligocene to the present day, and there 
is nothing to show that the movement ts yet at an end. 

The strata to be correlated* with the broad folding, are found to be 
mainly, but not exclusively, in the synclinal areas, the broad troughs. 
As faras is known at present, they do not correspond everywhere to an 
equally long interval of time within the Tertiary period. In individual 
regions the oldest beds so far recognized are equivalent to the Aqui- 
tanian; the Mediterranean stages (Burdigalian, Helvetian) have been 
traced locally; Sarmatian equivalents seem to be more generally distri- 
buted. Pontian strata denote a climax in the regional distribution of the 
Anatolian Neogene, which seems only locally to pass up into the Levan- 
tine™4, 

The author was the first to make continuous investigation into the 
petrographic facies and the bedding, over a major part of the area of the 
peninsula. These show that Neogene deposits were laid down in areas of 
relative subsidence®™*. ‘These, however, did not everywhere, nor during 
all the divisions of the ‘Tertiary that are concerned, comncide with the 
present synclinal-zones. In Miocene, even as far as into Pontian times, 
they occupied a greater area. In course of time the number of mountain 
ranges with an east-west strike has increased by the arising of new anti- 
clines out of the broad troughs, Thus the regions of deposition not only 
become divided up, but their area more and more diminished. The 
ranges, therefore, are of different types. Those of earlier origin were 
never covered by Neogene, Instead, this lies against their flanks with a 
mountain-foot facies of coarse clastic material. This facies passes into 
fine-grained calcareous marl as the interior of the trough is approached 
(e.g. the marine Lower and Middle Miocene of the Lycian ranges; the 
Neogene, presumably going back to the Lower Miocene, on either side 
of the Bithynian Olympus, etc.), Distortion of these and later deposits 
indicates continuation of the arching. The younger chains, on the other 
hand, formerly lying right underneath these same Tertiary strata, arched 
them up into anticlines as they rose, and for the most part they became 
rid of them through contemporancous denudation. In the troughs on 
cither side, the correlated strata were deposited aa younger Neogene 
beds. The mountain-foot facies is turned towards [lies at the edge of] 
ranges of earlier aa well as of more recent origin; and everywhere, or at 
any rate along the margins of the latter, it transgresses unconformably 
over the older, disturbed Neogene. 

[* See glossary.| 
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The unconformities within the Neogene sequence are not at the same 
stratigraphical level either regionally or along the edges of the individual 
chains. They cannot, therefore, without further evidence, be used in 
determining the age of the group of strata lying above or below. Rather, 
they denote the appearing of new ranges at different periods for each 
case (unconformities of the first order); or else they occur in conjunction 
with continued movements executed by one and the same range (oscil- 
lations of the axis type, to be treated later), Occasionally these uncon- 
formities of the second order are repeated in several storeys one above 
another, and they indicate a continuance of the movement on account of 
which the strata just deposited were continually being disturbed, dragged 
(even folded), exposed to denudation at the edges, and immediately 
covered up again by younger beds of the series. ‘l'hese are local marginal 
phenomena. Investigations by Oppenheim, however, lead one to sup- 
pose that the above-mentioned unconformities of the first order occur 
most frequently between the Middle Miocene and the Pontian beds. 
This would mean thatthe Upper Miocene was already a period of inten- 
sified broad folding, as indeed the author has proved to be the case for 
the succeeding periods of the Levantine up to the present day. 

Thus Neogene facies-and bedding not only give detailed information 
as to the development of the whole system of chains, but make clear the 
anticlinal character of the ranges and the synclinal nature of the longi- 
tudinal, strike, depressions. The complications in the stratification do 
not mask this fact. ‘They are due to the fact that the Tertiary strata, 
especially the younger divisions (Pontian—Levantine) at the edges of the 
chains, flooded over a diversified hummocky mountain relief, and here— 
particularly in the old buried valleys—have frequently suffered peculiar 
disturbances by a process of dragging, which is suggestive of a large- 
scale settling down accompanied by much faulting. Further, jt must be 
mentioned that the broad folding reacted on the strata filling the troughs 
not only in the sense of dragging them along, but at certain places it has 
even folded them. The conditions under which the folding occurred have 
not yet been elucidated. All that is certain is that the older Neogene 
horizons appear in general to be more strongly pushed together than the 
younger ones. Yet they are by no means folded everywhere, just as the 
Pontian and Levantine equivalents are not entirely without folding. 
From this it can be deduced with certainty that tangential forces came 
into play, which however could not have been situated outside the sys- 
tem of broad folding, but only within it**, Finally the fact must be 
pointed out that longitudinal faults occur along the strike of the broad 
fold system towards the West, ie. m the direction im which there is 
generally an increase in the amplitude of the broad folds (viz. in the 
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difference of altitude between the crest line of the ranges and the Neo- 
gene-covered floor of the troughs), The connection between the develop- 
ment of faults and the increase in the amplitudes is unmistakable, and 
impresses the observer who follows up the fault systems from the west 
towards the high land of the interior: the faults, for the greater part, 
peter out in that direction; the ranges, comparable to horsts in the west, 
become fault-free anticlines; the depressions which, according to A. 
Eh pperm frequently have the form of downfaulted troughs there, be- 

eome synclines, Ranges and depressions do not disappear, but the 
majority of the longitudinal faults do so***, 

The differences in origin of the ranges are naturally parallelied by 
diversity in their outward shape. The Bithynien or Mysian Olympus, the 
Keshish Dagh [Ulu dag] of the Turks, may be briefly considered as being 
typical of a range trending almost east-west and of a somewhat early 
origin®™". Several levels stand out sharply from one another. The highest 
and oldest (1), on the surmmit of the range, is hill country of subdued 
relief, its slopes consistently concave in profile, with wide trough-like 
valleys, the floors of which are at about 2200 metres above sea level, 
while the peaks rise to 2500 metres, It extends but a slight distance east 
to west, along the strike, and is then replaced by a blunt ridge where 
younger, steeper slopes meet. These are identical with those™” leading 
down by convex curves (convex above) to the next lower level: and on 
the north side of the range, they end below in the so-called ‘upper 
terrace’. This surface II fringes the highest central! mountainland as an 
undulating piedmont flat, stretches of it being dissected, im no trifling 
manner, with some of its shallow valleys still ending upon the terrace 
itself?®. [t is bounded on the lower side by further steep slopes, giving 
a sharply convex break of gradient, aud its edge has obviously been 
already worked back considerably. In some places these slopes belong to 
the steep relief which has developed upwards from the present day, 
sharply incised valleys on the mountain flanks (north-east section of the 
mountains); but in others they end below in undulating surfaces dis- 
tinguished by a shallow valley-system of their own. These surfaces pene- 
trate into the upper region as valleys and are preserved in broad frap- 
ments (111) on the interyalley divides of the north-western section of the 
mountains. The so-called “lower terrace’ belongs here, [t is actually a 
lower piedmont flat. Like the higher one (II), it shows the following 
peculiarities: 

1. Along the meridian of the central mountainland (1) it is not yet in 
existence, or has already been replaced by a more recent steep relief: 
westwards its width increases in proportion as the central mountainland 
becomes lower and disappears, Where thia has come to an end as a 
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narrow crest along the strike of the range, surface 1 now extends over 
the correspondingly lower summit (about 2000 metres), ‘There it is dis- 
sected, especially by valleys which open out on to surface II]; but on the 
ridges between them, as well as on the broad domes on the tops of the 
ranges, fragments of it are well preserved. 

2. Both piedmont flats are strongly warped, in a direction transverse 
to the strike of the mountains. ‘This follows, for one thing, from the great 
inclination of the remnants still preserved intact, which far exceeds the 
original gradients; and also, more especially, from the fact that new, 
steep-walled, sharply V-shaped valleys are incised into the area of de- 
formed relief and are confined to it. At their lower ends these finish above 
that convex break of gradient up to which the most recent steep relief 
has reached, working up from the mountain foot. It is perfectly clear 
that those sharply V-shaped valleys are not caused by the general up- 
ward movement of the whole range, to which in the last resort the above- 
mentioned steep relief owes its existence. They have arisen because of a 
steepening of the old form associations, due to warping which has been 
continuing fora long time. For surface III, this warping is two-sided, 
ic: anticlinal, The whole forms a group of features often met in regions 
of broad folding. | 

At the margin of the range, surface ITT reaches away on to the steeply 
tilted Neogene beds; with a lessening of its general gradient it enters the 
broad syncline of Brusa-Abuliond [Bursa-Apulyont] (‘Little Phrygia’) 
lying in front of it and, there, stretches over the slightly distarbed Neo- 
gene filling as an exceptionally extensive peneplane. Valleys are incised 
in it; and along the major water-courses they occasionally widen out into 
broadly excavated lowlands. The bordering steep slopes, which are rela- 
tively low, are morphological equivalents of the high rugged steep relief 
found in the region of the ranges. In that region, steep relief nowadays 
characterises the deeply-scored lower courses of all rivers coming from 
the interior, as well as the stretches of antecedent transverse gorges, and 
consistently forms the lower parts of the flank of the chain where this 
shows the highest uplifts. The present-day valleys, which give rise to the 
steep relief, form a fourth—the most recent—main level (IV) which is 
brmken by terraces into a succession of several stages (intermediate 
levels). "These are of no special interest at the moment. 

There are thus piedmont benchlands present. The number and 
arrangement of the constituent parts bear a relation to the height of the 
chain, They are warped transversely to its strike. On comparing the 
Reshish Dagh (i.e, the high eastern part of the extensive anticline in the 
south of Little Phrygia) with its lower westward continuation, the follow- 
ing features are apparent. The number of steps between independent 
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denudation levels is greater in the KReshish Dagh than in the west. ‘The 
‘treads’ are generally narrower the lower they lic. Along the strike of the 
range they widen with its reduction in height. At the same time the 
numiber of levels decreases, the highest being the first to disappear, and 
there (Kesiush Dagh) the uppermost piedmont flat passes westward into a 
summit plane, There steep relief has already developed upwards from the 
most recent erosion furrows into a uniform flight of steep slopes which 
constitute the mountain side (Bursa district [of the Keshish Dagh]); to 
the west [of Bursa and of the Keshish Dagh] no such flight of steep slopes 
has yet appeared. The steep relief is just as steep, but extends only up to 
a much jower altitude, and seems on the whole confined to the valleys 
themselves. It becomes evident that the causes of increased erosion are 
present to a different extent in the two sections. ‘That ts only part of the 
problem. ‘The direction in which the piedmont flats stretch out [? and 
increase in number) indicates that in which the first onset of erosion 
appeared (see p. 215), In other words, they denote the direction in which 
the zone of denudation is growing, i.e. increasing in area, The existing 
arrangement shows that in process of time the range must have grown 
in width and m length, to a very varied extent, however. ‘The increase in 
width is restricted, and evidently soon reached its limits: surface IT] is 
narrower than surface 11—its extension over the neighbouring depres- 
aion cannot be considered, since this is connected with the character of 
the syncline and not with that of the broad anticline—and none of the 
terrace levels belonging to the steep relief unites at the margin of the 
range with a lower, what we might call, piedmont-like levelled surface; 
they are limited to the zone of steep relief (and indeed converge towards 
the mountain foot)*"", On the whole, the chain has grown in length, a fact 
which is illustrated in a specially impressive way by the antecedent trans- 
verse gorges of the streams coming from the interior. Formerly they 
flowed round the highest (in its time the sole) mountain region, the 
Keshish Dagh; but later, they were forced to become antecedent by 
elongation of the broad anticline (Ulfer Chai). ‘Transverse to its strike, 
the conditions leading to crosion appeared in the course of time, fo an 
increated extent everywhere: the angle of slope systematically steepens 
from the summit to the foot of the range, Its groroth mm height is connected 
with this. he distance has become greater between level | and what was, 
in successive periods, the level of the adjacent area of accumulation. The 
required comparative levels are represented by [1] the upper edge of 
the Neogene transgression, now at the high level to which it has been 
lifted by deformation; [2] the gravels, which are at any rate pre-Pleis- 
tocene. These lie considerably lower, transgress over surface II], and 
are occasionally found at the edge of the broad syncline; [3] the present 
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day surface of deposition, The character of the forms and their arrange- 
ment also teach the same lesson: If, of the three dimensions of an-anti- 
cline, its extension along the stnke is designated as length, its height as 
amplitude, and its breadth as phase, the state of affairs: may be form- 
ulated thus: tith continued growth in length and in auplitude, the range in 
question jas NOT continued to increase in phase tn the same way, 

At the present time it is not vet possible to date these elements geolo- 
gically with any certainty; for neither the divisions of the correlated 
strata nor their aves are known exactly, P. Oppenheim, who worked on 
A. Philippson’s collection, making use of his stratigraphical observa- 
tions’, takes the calcareous Neogene beds of Little Phrygia to be the 
equivalent of the Miocene, possibly even of early Miocene; and con- 
siders the gravels transgressing over them to be possibly Pontian. 
Fuccini, however, ascribes this age to the calcareous beds of Sultan- 
shehr, which occur in a southerly embayment of the Little Phrygian 
Neogene belt®™*, Late ‘Tertiary strata approach Olympus mainly as a 

ntain-foot facies of sandy conglomerate; the calcareous formations 
above it have not so far vielded any fossils. They may be of Miocene age, 
in the widest sense of the word, up to as far as the Pontian stage. I take 
the transgressing gravels to be younger, probably Levantine. In that case, 
surface ITI might be of Levantine origin, the piedmont surface 1 would 
then belong to some Miocene stage, and the heights (I) might even be 
considered an early ‘Tertiary, perhaps Oligocene, relic?™, The western 
continuation of the Keshish Dagh belongs to the type of more recent 
broad anticline, such as is shown in its simplest form by the coastal range 
between Little Phrygia and the Sea of Marmora®"*, As a rule only three 
main levels of successive origin can be distinguished in these. An upper- 
most one extends along the tops of the convexly rounded summits. Flat- 
tish slope systerns are frequently still presery ed over great areas of these, 
belonging to old form associations which have been subsequently dis- 
sected. These latter show that the gipfelflur, which has been developed 
in the meantime, possesses an inherited and not a newly acquired charac- 
ter?°*. In the coastal range, this element [of form] appears only on 
isolated upswingings of the mountain mass, arranged as brachyanticlines 
along the strike of the chain, like a string of pearls, and separated from 
one another by extremely wide depressions in the crest of the range. A 
large part of these latter still consists entirely of Neogene beds, com- 
posed of sandy marl, conglomeratic in the lower horizons. ‘There is well 
developed anticlinal bedding*™. ‘The trend of the mountains coincides 
with the strike of the strata. As is indicated by residual remains, the 
higher upswingings of the mountain mass, now almost entirely free from 
late ‘Tertiary strata, were also originally completely covered by them, 
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They are archings up of the substratum of the Neogene, and the course 
of the pipfelfiur exactly reflects the brachyanticlinal bedding in the 
strats ?9*. 

The next lower level is given by the floors of the valleys which invade 
the upraised parts of the mountains and debouch at the edge of the broad 
undulating peneplane. This piedmont flat passes over from the sub- 
structure on to distorted Neogene beds. In a manner analogous to sur- 
face III, it extends on the one hand over the later Tertiary of the ad- 
jacent broad syncline, and on the other over the wide depressions between 
the brachyanticlines. Here it can be seen clearly how the upswingings of 
the mountains, by elongation along their strike, grew together into a 
single range of uniform appearance. The lowest level occurs on the floors 
of the valleys dissecting the peneplane. These are wide and shallow in 
the region of the broad synclines (where there is excavation and fresh 
ageradation, conversion into swamps); narrow, deeper, and with steeper 
walls in the zones between the brachyanticlines, more precipitous and 
deeper still in these themselves. 

Apart from dissection of the systems by the latest formed of the steep 
V-shaped valleys, the broad anticlines of recent origin present a picture 
of central mountainiand and surrounding piedmont flat, Both are 
stretched out in the direction of the strike of the mountains, and the 
forms of medium relief belonging to the centrul mountainland have their 
slopes characterised by convex profiles. hus a contrast is evoked be- 
tween the general concavity of the older form associations out of which 
the mountainland has been carved, and the forms of the still higher 
levels which are to be seen on the or portions of ranges, of earlier 
ongin, Compared with these earlier chains, the broad anticlines of simple 
morphological structure, which appeared later within the broad fold 
system, seem to be more numerous. ‘The same is perhaps also true for 
Macedonia, that part of the Dinarids in which F. Kossmat is inclined to 
think that it is mainly the younger type which he can recognise?"®, 
Further detailed investigation will undoubtedly reveal ranges older in 
origin—and of more than one age—and as the correlated Tertiary beds 
are extensively preserved, it will be possible, by means of their strati- 
graphical sequence, to determine the various [denudational) elements 
geologically. Isolated observations made by J. Cviji¢ seem to me to point 
in this direction. They are, however, too meagre and disconnected to 
allow of a definite judgment*!*, O, Maull’s research in the Peloponnese 
and central Greece provides additional facts™'. On the whole, sufficient 
observations are available on the facies, arrangement and stratification of 
the Tertiary beds, spread out over the basins and longitudinal depres- 
sions, to remove any doubt as to the broad fold character of the 
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fialko-Greek Dinarids; And | consider it probable that the morphologi- 
cal differences noticed between the inner and the marginal parts of the 
mountains m the north-westward continuation towards the Alps, are 

ferences between older broad folding—of varied ages—and that of 
more recent origin™’, 





(d) Tue Anpine System ov Mountain Rances 

We turn to observations that have been made in the Andine system of 
mountain ranges. The chief characteristic is the alternation of more or less 
closely ranged chains and depressions, known in North American litera- 
ture as ‘basin range structure’, from its prorotype in the west of the 
United States of America. Since the classic researches of Gilbert™, 
whose interpretation was accepted and carried further by J. C. Diller, 
Powell, Dutton, etc., strike faulting has been taken to be the essential 
tectonic element concerned. These faults are considered to have divided 
the mountain mass into long narrow strips, which have been displaced 
relative to one another in such a way that the upraised horst-like strips, 
or the raised edges of blocks that are merely tilted, became mountain 
ranges. The depressions are considered to be either the hollows left 
between tilted blocks orto be fault troughs, The altitudinal configuration 
of the chains is thus attributed to vertical displacement. Hence a direct 
relationship is assumed between the height of a range and the throw of 
the fault; the drop on one side of a range or on both, as the case may be, 
appears as an unlevelled fault scarp. It is considered comparable to the 
Quaternary faults which cross vanous mountain basins longitudinally as 
unlevelled fault faces, though of smualler displacement, and may have 
been produced by earthquakes**. 

Like other systems of mountain chains, the Cordillera fof the Amer- 
ican continents] has many places where strike faults, sometimes with an 
extraordinarily great throw, have in fact been discovered; as in the Basin 
Ranges, the Pampean sierras of the Argentine, and elsewhere. Thus their 
significance in mountain building cannot be doubted. But it has not by 
any means been geologically proved to be the rule for the ranges to be 
bounded by faults—even in those parts where a geological survey has 
actually been made. ‘This state of affairs, and more particularly the exis- 

tence of ranges where it is known for certain that the structure is un- 
fnilted, show that faults do not play that part in mountain building 
which has been ascribed to them. This has, indeed, been deemed such a 
firmly established fact, that often enough their existence has been taken 
for granted without any attempt to prove it, or even without troubling 
further about it when the evidence was negative. Instead, morphological 
criteria have long been used as evidence that faults probably exist, jin 
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areas difficult of access for geological examination. And W. M. Davis 
attempted to develop further this theory about faults, on the basis of the 
cycle theory™4, Since then, steep drops in the mountain flanks on the 
side towards the supposed fault, facet-like surfaces which there truncate 
the mountain spurs at the foot of the range and are interpreted as prac- 
tically unaltered portions of the actual fault plane, together with erosion 
valleys, sharply V-shaped im cross section, which persist till they de- 
bouch at the mountain edge, are taken to be irrefutable proof, without 
any possibility of misinterpretation, of the faulted nature of the margin 
of the range™*, Nevertheless, such a possibility must be admitted in the 
case of the features just described, Flexure of parts of an upper surface, 

without any faulting, leads to morphological modifications which are 
similar to dislocation by faulting. It is just in regions of broad folds that 
this can quite well be seen; and it constitutes a problem, the general 
solution of which can be found only if it is treated as a case of slope 
On the other hand, little attention has been paid to the fact that strike 
faults of great throw, actually established as present in regions of moun- 
tain ranges or near their base, do not as a rule appear as unlevelled fault 
scarps and do not form boundaries between various types of relief, as 
might be expected if they separated crustal strips cach having a funda- 
mentally different sort of movement and so a different endogenetic 
origin. In this case, no dislocation. is visible in the development of the 
relief features in the way that there is along the western marginal fault of 
the Fichtelgebirge. But, apart from differences duc to rock materials, the 
steep, medium, or flattish relief—as the case may be—usually passes in 
the same manner and unbroken over the line of disturbance™’. The 
faults are not indeed the prime conditioning element in the formation of 
the ranges, but under certain conditions they appear to accompany this, 
being incidental to the occurrence of a main movement consisting of an 
undulatory bending of the crust, viz. warping into broad folds. C. King 
recognised this fifty years ago for the Basin Ranges™* and recently C. L. 

Baker has emphasised it™”. There are features which prove these con- 
nections, auch as the anticlinal attitude of the correlated® strata at the 
edges of the chains, where typical unconformities appear between stages 
of differing age, and a similar attitude for the covering beds which still 
occasionally arch over the summits of the ranges™®, These have not 
escaped the notice of either older or more recent observers in the North 
American Cordillera. But it appears that the theory of tilted blocks has 
diverted attention from any other evaluation of what has been observed. 
In-addition, exposures of that kind [i.e. showing the attitude of the beds) 
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do not appear to be at all frequent in the Basin Ranges and their con- 
tinuation; and connected sets of correlated strata are rarely developed 
WO any great extent. 

Some parts of the Argentine Andes afford further insight into this 
matter, Correlated strata from the Upper Cretaceous to the present day 
have been preserved, particularly in the north-western and northern 
Pampean Sierras. In part, these lie in front of the block of the Puna de 
Atacama on its east side; in part, southwards, they are separated from it, 
and then form a belt in which they nse like islands from the central 
Argentine plains as north-south ranges in front of the High Cordillera”. 
With the help of these, it has here been possible to reveal the broad fold 
nature of the ‘basin range structure’, ‘The morphological investigation 
is still in its first stages. Special attention may be called to the following 

The easternmost member of the Pampean sierras is the complex of the 
Sterra de Cordoba, emerging isolated and meridian-wise fromthe Pam- 
pa, divided up in the same direction by several depressions. ‘The earliest 
observers described the individual parts of the mountains as high 
plateaus, and called special attention to the asymmetrical nature of the 
ranges”: steep drops westwards as contrasted with gentler eastern 
slopes. ‘These castern slopes are formed, as is now known, by fairly level 
peneplanes, which lead down, with a slight eastward tilt, from the two 
mun ranges, the Sierra Comechingones—Sierra Grande and the parallel 
one, reaching further northwards, of the Sierra Chica. These are heing 
scored by precipitously incised valleys. Over a good part of the west sides 
of the ranges, on the other hand, peneplanes are absent: instead, the 
noticeably steeper western slopes appear to be disintegrated into a deeply 
dissected steep relief, This gives the impression of steep breakings 
away**4_ Closer examination, however, reveals the following facts: the 
greatest descent of the Sterra de Cordoba, from the general crest line to 
the plain lying at its foot on the west, amounts to a maximum of 2060 
metres (latitude of the Pampa de Achala); further south (Sierra de 
Comechingones) to about L400 metres: generally averaging about 1000 
metres. But these differences in altitude correspond to an average hori- 
zontal distance of 10 ta 15 kilometres from the sum mut of the chain to its 
foot. This means a slope with a mean gradient of 5 (maximum about 
11"). That is not what could be called a steep drop to a marginal fault, as 
has been assumed just at that place and shown in a profile with exap- 
geruted vertical scale®*®, Nor can faults along the mountain base he de- 
duced from the stcep relief into which the slopes in question are broken 
up; nor from the scarps, dissected by valleys and lobate in form which, 
us Schmieder was able to show, exist between the various peneplane and 
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denudation levels. The first feature, the steep relief, merely indicates the 
full etfect of vigorous downward erosion on the shorter and therefore 
steeper western slope, in contrast to the eastern side of the mountain 
which, because its slope is jonger and gentler, is correspondingly further 
from equally complete dissection. But to judge from the precipitous 
nature of the valleys sunk in it, downcutting must be working with 
approximately the same intensity in it as well. Vast fragments of pene- 
plane still extend over the divides between those valleys. The second 
feature [that of the scarps] is obviously equivalent to the peneplane steps 
which we have already learnt to recognise in the most diverse parts of the 
world. On the west side of the Sierra Chica I saw an extraordinarily well 
developed piedmont flat encroaching valley-like into the higher part of 
the range; and the same may be assumed for the other similar scarps 
which Schmieder discovered, though there are no observations available 
upon this point which ts of decisive importance. 

Thus there does not lurk within the above-mentioned morphological 
features that indication of faulting desired and ascribed to them, faulting 
that was held responsible for the delimitation of the mountain mass and 
its meridian-wise division after the manner of tilted blocks. There is no 
proof of its existence. Nevertheless, faults play an important part in the 
interpretation offered for the results so far observed, ‘The peneplanes 
appearing at different levels are interpreted as fragments of a single sur- 
face dislocated by faulting; and here, a8 well a3 on the other ranges of the 
Pampean sierras, they are considered to be the re-exposed Palaeozoic 
peneplane on which the continental Gondwana series (the ‘Paganzo' 
beds, principally of Permian and ‘I'riassic age) have transgressed over the 
old folded substratum™*. This looks like simple transference of the doc- 
trine, long held in Germany, according to which the peneplanes occur- 
ring on the summits of the German Highlands were bared portions of 
the Permian land surface, "Where, however, it was long ago demonstrated 
that conditions did not exist for such surface stripping; that further, the 
peneplanes to be observed today do not coincide with portions of late 
Palaeozoic or carly Triassic surfaces, but cut across them: and finally 
that the Permian land surface had a mourtainous character and was not 
a peneplane. Peneplaned surfaces occur only in the very limited zone of 
early ‘Triassic denudation. We shall come back to this point later. In 
Argentina, no close investigation has ever been made of the nature of the 
lower surface of the Gondwana series. It has, however, become known 
in the meantime that there are quite considerable variations in thickness 
within the Gondwana beds; on account of which—as G, Bodenbender's 
excellent investigations in La Rioja have shown—rocks belonging to 


quite different systems (Permian, Triassic and even Rhaectic) transgress 
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directly on to the old folded basement. It therefore follows that the lower 
surface of the Paganzo strata is no plain, no peneplane, but mountainous 
in relief, with differences in elevation of several hundred metres?", 
Further, at several places, also in the Sierra de Cordoba***, it is possible 
to follow directly the passage of the present peneplane from the crystal- 
line basement on to the denuded remnants of the Gondwana-Paganzo 
beds. Thus there can be no doubt that the above-mentioned inter- 
pretation is erroneous. The present land surface cuts across the Permo- 
Triassic one; where it is on crystalline rocks, it lies below it by an un- 
known amount; where on the Gondwana beds, it lies above it. Lrke those 
of the German Highlands, the peneplanes of the Pampean serras are fresh 
creations, which are causally connected with the history of the formation of 
the Andine ranges. 

According to the observations so far available, the highest and oldest 
levels are confined to the Sierra Grande***, and are found in that part 
called the Sierra de Achala (fig. 19). According to Schmieder, this part 
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of the mountains bears a peneplane lying between the altitudes of 2200 
metres (in the west) and 2100 metres (in the east), and has inselbergs 
rising above it. These latter are the remnants of a central mountainland 
which has by now been completely disintegrated. Judging from the mar- 
ginal position of the inselbergs, it formed the watershed, which seems to 
have been pushed far towards the west even in early times, Concave 
profiles of waning development characterise the mountain sides, and the 
cross sections of the valley troughs in the surrounding peneplane. ‘This 
latter is a typical piedmont flat; the fragments of it today visible may 
perhaps already correspond entirely to the proximal zone, and have the 
character of an end-peneplane. It forms a strip approximately 6o kilo- 
metres long, extending along the strike of the mountains, and only 4 to 8 
kilometres broad (II in the figure}; and to the north, south and east it is 
separated by a zone of convex slopes, about 500 metres high, from the 
next level below it, the most extensive, main peneplane level of the 
mountain mass. The scarp is not, on the whole, very steep?*". It is dis- 
sected into valleys, and so has a somewhat lobate outline; and there seems 
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to be no lack of inselbergs lying in front of it and rising to its height, 
especially on the north side. The valleys, which cut sharply into it, run 
out on to the peneplane lying in front, which can thus also be recogni: 

as a piedmont flat (ITT in figure), It, too, is extensively developed along 
the strike and on the eastern slope of the range, but not on the west. On 
that side the slope, broken down into steep relief, sinks to the narrow 
depression of Nono, with a north-south trend and its floor at about goo 
metres altitude, It separates the Sierra Grande from a secondary adjoin- 
ing range (Sierra de Pocho) lying in front of it to the west. According to 
Schmueder, this latter also bears a peneplane which lies at an altitude of 
about 1000 metres, is said to have an upcurved western edge, and to sink 
northward beneath the Pampa. 'The relationships are still uncertain, and 
for want of correlated strata the connections with the levels of the main 
range to the east cannot be identified. 

The Sierra Chica is no different. This range, which has an eastward 
sloping peneplane on its summit, is, on the west, inclined more steeply 
towards the depression separating it from the Sierra Grande. Following 
this depression northwards one comes, near Capilla del Monte, to the 
district where the excellently developed piedmont flat already mentioned 
lies in front of the west flank of the Sierra Chica, This surface sinks 
north-westwards beneath the Pampa, and as it does so the valleys eroded 
into it visibly decrease in depth; and so it seems that the same surface 
which extends over the northern end of the Sierra Grande, sinking in 
that latitude, is arched up here. At all events, this place offers the possi- 
bility of finding out how the various peneplane levels in the individual 
parts of the mountains are related as regards position, and the periods of 
their respective development, By this means, further morphological re- 
search will be able to start from the fact that the depressions between the 
ranges, in so far as they come within the region of denudation, bear pene- 
planes more or less dissected by valleys, just like the broad troughs in 
Anatolia. Evidently these function as piedmont flats to both of the ranges 
bordering them and to both at the same time. 

Nothing is known as to the geological age of these elements. At the 
western foot of the Sierra Chica, in the neighbourhood of the piedmont 
flat, which he called ‘foreland’, E. Richmann found sands, laminated 
clay, and marl, which he considered to be the equivalents of G. Boden- 
bender's Upper Cretaceous Los-Llanos beds, a formation occurring at 
the edge of the Pampean sierras in Central Argentine*™", Conglomerates 
were found above these, and they were considered as possibly belonging 
to the Tertiary ‘Calchaqui beds’. These strata, like the Gondwana series 
resting on them, are supposed to have once completely covered the 
present Sierra Chica®*, Quartz-porphry, a rock which occurs only in 
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the northernmost range of the system, the Sierra del Norte™*, plays a 
part in their composition; and this seems to stamp the strata in question 
as Correlated with that range and as being deposited at a time when there 
Was as yet no Sierra Chica. Further investigation is still needed. What 
has been discovered about the facies, bedding and correlation of the 
Cretaceous-Tertiary sediments, derived from the neighbouring sierras 
to the north-west, justifies the assumption that surface forms of early 
Tertiary origin, if not even of Upper Cretaceous, may be found in the 
Sierra de Cordoba also. 

‘The mountains form a system of several north-south ranges, which 
sometimes replace one another, sometimes are separated from one another 
by depressions. Morphologically, as far as present knowledge goes, the 
chains represent a type which is in many ways similar to the German 
Highlands or the Appalachians, and deviates from what we have so far 
learnt in broad folds and from what will be shown later. The deviation 
consists in this, that piedmont flats occur which, just as in the German 
Highlands, extend not only along the strike of the mountains but also at 
right angles to it, Bearing in mind the symptomatic significance of pied- 
mont flats in the interpretation of the development of zones of uplift, 
this means that the ranges of the Sierra de Cordoba have grown mainly 
in length but also considerably in breadth. It is certain, however, that 
this growth has not occurred to the same extent in both directions, ‘The 
considerable extension, to the north, south and east, of the second as well 
as of the third level in the Sierra Grande shows that this range has evi- 
dently been growing from early times in these directions, but not every- 
where westward: no recognisable piedmont flats lie at the foor of the 
Sierra de Comechingones and the Sierra de Pocho on the west side. This 
might in fact indicate the presence of a fault which had originated at 
these places during some stage or other in the development of the ranges. 
Thereafter it separated the rising block from the neighbouring area which 
did not move but remained at the lower level: and thus it limited, to- 
wards the west, the growth of the range, i.e. the further extension of the 
region of uplift and denudation. Of course this has not proved the exis- 
tence of longitudinal faults! (see p. 270). 

From the geologico-tectonic point of view it must be stressed that the 
Sierra de Cordoba lacks not only that degree of uplift which is shown 
structurally by the deformation in the sedimentary cover and morpholo- 
gically by the amplitude, but is also without any trace of folding in the. 
covering strata; in addition there is an absence of great overthrusts asso- 
ciated with dislocations along the strike, such as characteristically appear 
in the west and north-west of the high ranges welded on to the main 
mountain mass of the Andes, It has been shown that there, at an earlier 
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stage of the broad folding, those structural elements were still lacking 
and the ranges had tess amplitude***. "The Sierra de Cordoba today 
represents this stage. That is by no means the same as saying that it must 
have risen later; but up to the present it has not arrived at that further 
advanced stage of broad folding which today characterises the ranges at 
the southern margin of the Puna. There now follows the conclusion 
reached above, which showed the Sierra de Cordoba as the type which 
with growing amplitude imcreases in length and in phase. 

In the oie af the mountain mass which adjoin the High Cordillera and 
the Puna de Atacama and are attached to them, dislocations along the 
strike outcrop as the characteristic structural elements over wide 
stretches of the younger sections of the Andine mountain formations. 
They are often in the nature of overthrusts, and in that case they hade 
towards the west in the western parts of the system of ranges, towards 
the east in the eastern parts. At the boundary of the two zones there 
occurs a broad syncline, overthrust from both sides, the Bolson of 5. 
Maria or the Calchaqui Valley (Province of Catamarca}***, West of this, 
all the mountain ranges are directed towards the high region of the Puna 
and penetrate from the south into the high country, imparting to it the 
same north-south seriation which is characteristic of the Pampean 
sierras to the south of it. With that entry, the overthrustings and faults 
come to an end, without any exceptions so far as can be seen at present, 
‘The mountain ranges cross the nse of the Puna as unfaulted anticlines. 
The termination of the faults, however, is not accompanied by any 
alteration in the orographical behaviour of the ranges, nor in that of 
other structural features or in their morphological character; this applies 
even to details, so that here it is evident in the most impressive way how 
insignificant a part strike faulting plays in determining the altitudinal 
configuration and the set of land forms. On the other hand, the most 
abrupt morphological changes take place where the mountain ranges 
encounter the edge of the highland. This usually takes place without any 
essential change in the absolute altitude. But the relative heights in the 
Puna are about 1500 to 2000 metres less than to the east and south of it, 
since its longitudinal depressions, the broad synclines, do not lie as low 
a8 the bolsons between the Pampean sierras, but at a greater absolute 
altitude, This means that there is today a considerable difference in alti- 
tude between the general base levels of erosion on the two sides of the 
Puna edge. And by following the morphological development of the 
ranges, it can be seen that there has been no fundamental difference in 
this respect at earlier stages in the formation of the Andine mountains, 
Thus, in the areas considered, the type of configuration of the mountain 
chains differs according as to whether they belong to the Puna or to the 
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Pampean sierras. For both regions there is remarkable uniformity within 
themselves, 

The broad folds to the south and east of the Puna form high ranges, 
Their summut levels average between 4000 and sooo metres and occa- 
sionally exceed 6000 metres. The aggraded floors of the neighbouring 
bolsons lie at about 1000 metres or less in the southern sections, at 2000 
metres towards the edge of the Puna. In spite of these majestic altitudes 
and differences in altitude, there is very little to be noted in the way of 
disintegration into a sea of Alpine peaks such as may be observed on the 
high chains which are situated in a moister climate and, in addition, have 
experienced considerable Pleistocene glaciation (the High Cordillera 
further south, the Eastern Cordillera of Bolivia and Peru, ete.), The 
broad folds of north-west Argentina meet the beholder like a wall, with 
an even crest-line apparently unnotched, This impression is produced 
by the preservation of very ancient form associations with but shallow 
dissection—forms of medium relief or peneplanes—on the summits of 
the ranges that are earlier in origin, Asa rule these ranges also rise to a 
dominating height and have a great width (see Plate X, illustration 1). 
On the other hand, on the flanks, nothing more could be desired in the 
way of jaggedness, i.¢. of having been broken up into a rocky steep relief; 
and this feature continues down to the base of the ranges, and the parts 
where, towards their ends, they gradually become lower until they 
plunge beneath the alluvium of the lowlands. The steep slopes of the 
flanks already meet in sharp edges and pointed peaks, and these are 
arranged so as to give a distinct gipfelflur, such ag usually characterises, 
over a wide area, the plunging ends of the ranges (see Plate X, illustra- 
tion 2), This reproduces or simulates their anticlinal form: i.e. a surface 
tangential to the sharp edges would have the form of a pitching anticline. 
Ranges which have proved to be of later origin show the same breaking up 
into a steep relief, but show it over their whole extent. Of the less rugged 
precursors of the steep forms, either nothing at all has been seen here, or 
merely scanty relics which have the character of forms of medium relief, 
never of peneplanes, Instead, the convexity of the steep slopes ia often 
developed in a quite classical manner (see Plate VI, illustration 2, and 
fig. 20). ‘The form associations of the latter type are in sharp contrast to 
the steep relief which is found on the straight slopes of maximum 
gradient. These two form-types appear in separated areas: either the 
zone of steep relief for the time being belongs wholly to one or the other, 
or else both forms occur next to each other within one and the same 
zone of steep relief; but even then each is characteristic of a high-lying 
zone well marked-off from that of the other. Thus, the lower parts of the 
eastern slope of the north-south range Cerro Negro—San Salvador, 
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which separates the basins of Tinogasta and Andagala (Province of Cata- 
marca) from one another, is characterised by steep convex declivities; on 
the other hand, in the higher parts—the summit region of the range— 
‘Straight-line slopes, of maximum inclination throughout, are equally 
typical (see Plate VI, illustration 2), Further, the intervalley divides of 
the two zones belong to different levels; the rounded ones of the ‘convex 
zone’, to se a more concise expression, fall short by quite a considerable 
amount of the level reached by the sharp edges in the crest region. A sur- 
face tangential to those rounded intervaliey divides would not indeed 
give the appearance of a peneplane, but would be uneven, with humps; 
yet everywhere it is closely adjoming the foot of the straight steep slopes 
which lead from it right up to the sharp edges of the crest region, This 
arrangement is peculiar to a definite type of the ranges of more recent 
origin (fig. 20, A 2), in contrast to the other type in which the dominant 
‘Steep slopes are exclusively of maximum gradient (fig. 20, A 1)*"*. Since 
the other conditions (climate, rock materials) are similar, the difference 
between the two surface forms here developed can, in general, be due 
only to this; that in the one case the causes tending to produce slopes of 
maximum gradient have not been in operation for so long as in the 
second case: so that there the convex forerunners have not vet been re- 
placed by the slopes of maximum gradient which ultimately appeared. 
Or, in other words: the causes leading to an increase in the intensity of 
erosion, up to the value for which slopes of maximum gradient are 
bound to appear, have existed for different lengths of time in the one 
place and in the other, i.e. have made themselves felt for periods of 
different lengths as reckoned from the present time. 

One can only fitly speak of & gipfelflur when the mountain masses 
have been broken up into peaks and sharp edges by incision of steep 
relief forms, and when slopes of maximum gradient meet in such edges. 
They have straight profiles (see Plate TX, illustration 2). However, in 
this case, uniformity of development cannot be deduced from this fact. 
For slopes of maximum inclination develop when the intensity of erosion 
has increased to a definite limiting value", ‘They retain the same gradi- 
ent and shape even when the intensity of erosion increases further to 
beyond that limiting value; and they remain unchanged in form so long 
as the intensity of erosion is beyond that limit, whether it is increasing at 
that place, or decreasing again ( see p. 158). Slopes of maximum gradient 
may therefore be a normal part of waxing development as well as of 
waning development, Their straight-line profile only simulates uniform- 
ity of development. In reality, however, the only conclusion that it is 
permissible to draw as to the course of erosional intensity is that it has at 
least reached the limiting value concerned and so must at all events be 
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very great, The slope development is, so to say, preudo-uniform when it 
imprints its mark upon the steep relief of the ranges and helps to deter- 
mine the position and shape of the gipfelflur. This latter has no direct 
dependence upon the conditions associated with the preceding relief, 
which has been replaced by steep relief forms. On the older ranges, 
which still bear on their summits fragments of such older and gentler 
land forms, it may be observed that the gipfelfhur does not lie at the level 
of the earlier rehef which has since been removed; nor does jt continue 
unbroken the line of its remaining parts in the direction of the slope or 
of the strike of the mountains; but on the contrary it is offset from this 
by a somewhat noticeable jump tn altitude. The surface tangential to the 
peaks and sharp edges does mot therefore in this case appear to be a relic 
of an otherwise completely vanished former relief. Still less, az has often 
been rashly concluded for similar cases in other parts of the world, does 
an unlevelled fault line separate it from remnants of this other relief, 
lying at a higher altitude and still preserved. But its position is directly 
dependent only upon the character of the sharp V-shaped valleys and of 
the rock. Its relative height is greater, the greater the inclination of the 
‘steep slopes, with maximum gradient, which intersect at that height, and 
—as A. Penck has explained—the greater the average distance betwen 
adjacent erosional furrows. Its absolute altitude, on the other hand, is 
subject to the general laws concerning absolute heights, which will not 
be treated till a later section***. 

The Sierra de Frambald (Province of Catamarea) is a range which has 
all the characteristic features of the older type of broad fold. It enters the 
Puna about latitude 27°°5., and its greatest altitude, exceeding 5000 
metres (the "Tolar’ or ‘El Volcan’), is here. The granitic heights show 
surface forms with exceedingly gentle slopes which shelve down with 
convex curvature to the wide high-lying valleys which surround them. 
Tors are superposed upon the flattish relief, It is a case of the diminishing 
remains of a peneplane which has replaced a more elevated landscape of 
unknown form and extent (I in fig. 208), like what has been noticed on 
the dome-shaped mountains of the Fichtelgebirge [p. 214]. From the 
further developmental history it myst be concluded that this relic of an 
end-peneplane has developed from a piedmont flat. As for the rest, it 
has been already completely replaced by an intermediate type of relief, 
the broad trough valleys of which are incised in it to a depth of about soo 
metres, The land forms (II in fig. 20 1; ef. Plate IJ, illustration 3) bear 
throughout the features of waning development. It has but a slight ex- 
tension at nght angles to the strike of the mountains (and that mainly 
westward, not eastward); along the strike it forms an elongated zone 
which (next to 1) occupies the highest parts of the range, The zone is 
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Surrounded on all sides by a strip of country more deeply divided-up into 

rounded eminences; their steeper talus-graded slopes have convex forms, 
and lead down to high-lying valleys which are comparatively deeper and 
narrower. Near the higher parts of the country they are often still quite 
narrow, towards the periphery they have widened out showing alluvial 
floors and concave foot-slopes**"_ It can be seen how waning develop- 
ment is beginning to penetrate from the outer part. ‘This periphery is 
everywhere sharply delineated; there is a break of gradient the line of 
which, like the contour lines, forms a re-entrant angle along the valleys— 
the longitudinal profile of which experiences a sudden interruption— 
and a projecting angle along the ridge crest where it separates the system 
of gentler slopes above from the rugged rock slopes below (see Plate IV, 
illustration 2). The rocky steep relief of the mountain sides and at the 
ends of the ranges reaches up to the break of gradient. This occurs at an 
altitude of about 7500 metres. 

The characteristics of the relief above the break are, as has been men- 
honed, those of waxing development. However, as the mantle of rock 
waste indicates, its slopes are still far removed from the maximum 
gradient, This waxing development has been interrupted by the appear- 
ance of the break of gradient, i.e. by the increase of erosional intensity to 
the value at which slopes of maximum inclination arose, first at the 
general base level of erosion, then spreading briskly upwards. The relief 
type of convex slopes (IIT in fig. 20 B) forms a narrow strip on both sides 
of TI along the downward slopes of the range: also for considerable 
distances it covers the summit when, on account of the gradual diminu- 
tion in height towards the end of the range, II has disappeared in this 
direction (southwards), Below the peaks of the mountainland II, wide 
flattish ridges and rounded summits spread out. Their heights are 
similar, and as a rule they do not occur above the level at which the 
valley bottoms (not the peaks) of relief type IT] would be found by re- 
constructing earlier conditions. ‘The first mentioned of these features 
indicates that there can never have been higher, more steeply inclined 
country in place of the flattish dome-like heights—flattish forerunners of 
the steeper slopes below; the second makes it fairly certain that these 
heights are the last remnants of a piedmont flat, of which the walley-like 
protrusions into the older region appear in the wide valley bottoms of 
relief type IT*#*, 

On other ranges of similar age these relationships are still preserved 
intact, as for example on the broad anticline which lies in front of the 
Puna to the east, forming in those latitudes the eastern marginal range 
of the whole mountain system (Aconquija Range—Cerros de los Ani- 
mas}. Starting from its western foot in the Calchaqui Valley (see p. 261), 
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the break of gradient, its line running irregularly in and out, is to be 
found above the zone of steep relief (corresponding in form to TV in the 
Sierra de Fiambala, fig. 20 B) within which the eastward hading mar- 
ginal overthrust outcrops*". Above that is a deeply dissected medium 
relief which has convex slopes mantled with waste and concave foot- 
slopes (corresponding to our relief type HI). A break of gradient, 
scarcely less sharply developed, separates this form association from the 
relief of mountain heights above (alto mutieco) corresponding in form to 
our type IT. This extends alike over craggy granite {see Plate V, illustra- 
tion 2) and granitic gneiss, and over andesitic lavas and breccias which 
show no crags; while near the western edge of the broad mountain sum- 
mut it extends across a strike dislocation which in places brings the old 
granite on to the top of the young andesite, On the broad main water- 
shed, and between the rather wide and deep valleys of relief type I, there 
are now preserved extensive fragments of a peneplane (corresponding to 
I) set with low tors, It continues far southwards, along the strike of the 
range, a3 far as the northern edge of a series of high peaks superimposed 
on it, extending over a length of many kilometres, These are elevated 
more than 500 metres above the peneplane, and end southwards in the 
Nevado Aconquija (over 5300 metres), Corries are sunk in the line of 
slopes by which the series of peaks sinks towards peneplane I lying in 
front of them on the north. Here it is evident that this is a piedmont flat. 
On the east it is bounded almost at once by steep slopes rising preci- 
pitously from the depression, 

This type of configuration recurs in all the ranges of earlier origin, 
even though the arrangement and division of the relief stages may vary 
in detail from one instance to another. It must be especially emphasised 
that the form associations which have been classified above into four 
well-marked main stages, appear, on more detailed investigation, to be. 
susceptible throughout of further division and subdivision. However, 
leaving aside that and other details, the broad folds of earlier origin have 
a fundamental morphological pattern which ts quite usually given by 
the following arrangement of form associations from above downwards: 
(2) a peneplane which i is preserved as more or less extensive remnants, 
and in locally cire ribed places surrounds a central mountainland, 
occasionally reduced to small relics (tors); (4) medium relief on all the 
slopes leading down from it; (c) steep relief on the flanks and the 
plunging ends right down to the bottom of the ranges. These three main 
stages ure all elongated in the direction of the trend of the mountain 
ranges; at right angles to it, so far as they are present, they are limited to 
narrow strips. 

It must specially be noted: a central mountainland, in the relationship 
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described above, occurs only on the oldest ranges, and marks those parts 
of the broad folds which were the first to appear. Hence it ia met with on 
by no means all the ranges; and its original extent, as well as that now 
found, is always far less than the present extension of the ranges. As a 
rule there is far-reaching dissection of this central mountainland, which 
is characterised throughout by forms of waning development, and has 
often broken down into inselbergx, At many places, however, its indi- 
vidual summits (which are then rounded in a broadly convex fashion) 
bear more or less extensive remnants of an older higher peneplane. Ex- 
amples are found on the Nevado Famatina, over booo metres high, as 
well as on the Cerro Palca (5300 metres), an analogous elevation in the 
northern section of the Famatina Range; and apparently also on the 
Nevado Aconquija. As far as is at present known, these are the oldest 
form associations which occur on the broad folds of the region. 

The peneplane (relief type [) has the character of a piedmont flat, or 
[else] is the summit peneplane of ranges, or parts of ranges, of corre- 
spondingly later origin, Its nature has been shown to be that of a primary 
peneplane. (Cf. p. 210 and pp. 214-215, ] Itis very significant that inevery 
case so far investigated the medium relief (type [I-I[), occupying 
the slopes on both sides of the ranges, has suffered powerful and easily 
recognisable warping. A characteristic of it, which can have only one 
meaning, 1s what has been called the ‘upper gorge zone’: sharply 
incised, steep, eresional ravines, which are alien forms traversing 
the medium relief of the mountain flank which is otherwise smoothed 
and rounded; they are not outlines of the young steep relief (IV) but 
end high above that. Indeed they peter out on surfaces which mark 
a level of accumulation and belong both. by age and mode of origin 
to the medium relief. These surfaces are thus, so to say, old bolson 
Hoors which are now raised high up, dragged up at the edges of the 
ranges, tilted, and often already worn down to terraces by the en- 
croachment from below of steep relief ([V)?". 

‘That the upwarping, or more accurately doming, of the broad anti- 
chnes above the neighbouring depressions persisted, throughout the 
stage during which the steep relief was developing, is shown by the con- 
vergence towards the mountain foot of even the youngest of the terraces 
of wplift. 

The succession of form associations, arranged from above downwards, 
in the manner just mentioned, obviously corresponds to a fime sequence: 
the highest, uppermost, of them were also those to originate the earliest: 
the lower onez appeared later, one after another in the same sequence in 
which they are nowadays to be met, adjoining each other, from above 
downwards. ‘The form associations were therefore termed stages of relief; 
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they are successive stages in the development of the older ranges. ‘The 
characteristic feature of the general trend of development is increase tn 
the angle af slope ( flattish relief—medium relicf—tteep relief). With the 
appearance of ever steeper slope units and slope systems, convex breaks 
of gradient developed; and this meant that the form associations which 
at any given moment lay above them, were separated from the general 
base level of erosion, and were pushed into.a course of waning develop- 
ment. Since then ths type of development has dominated the course of 
denudation within these form associations, up to the present day, 
Naturally it has now gone furthest within that form association which 
has been longest subject to ite action, that is within the oldest and high- 
est stage of relicf: little more is preserved of the flattish relief which once 
covered the central mountainland. ‘The surrounding piedmont surface 
(1) has continuously widened at its expense, and has broken up the dis- 
trict rising above it into inselbergs and tors, either at its margin or all 
over it. Relief If is already almost everywhere marked by concave slopes 
and wide valley troughs; these, however, still form a uniform set of con- 
nected valley courses. In relief type IIT the commencement of waning 
development is just noticeable, while it is entirely absent from the steep 
relief type IV. 

If one compares the earher stages of development with the later ones, 
a further very characteristic circumstance comes to light. [he central 
mountainiand has been surrounded on all sides by the piedmont flat (1), 
especially extensive along the trends of the ranges. “This state of affairs 
betokens that the ranges of earlier origin originally increased their 
length and their phase as they grew in height. ‘This is the stage which is 
still represented today in the Sierra de Cordoba, which is as it were in a 
primitive state compared with the high ranges of the Puna edge. Further, 
it can scarcely be doubted that relief type L11, in so far as it forms the 
summit of the ranges lengthwise along their trend, has resulted from a 
more youthful lower piedmont flat. So far, however, the same cannot be 
said with certainty of the very narrow strips of the same form association 
on both flanks of the ranges. The initial forms of steep relief IV, which 
have been preserved in many places, are of the medium relief type with 
convex slopes (like IIT) and not remnants of a peneplane. Thus, if relief 
IH! on the flanks of the ranges has arisen from a piedmont flat, this 
already covered approximately the same zones as the steep relief I'V 
occupies; and this steep relief was sculptured out of it by way of relief 111. 
And finally: in front of the deeply dissected steep relief IV, along the 
mountain foot, there are alluvial cones but no young piedmont flats, 
except for such as belong, not to the growing broad anticline, but to the 
adjacent broad syncline moving into the region of denudation (Anatolian 
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type). Thus younger and lower piedmont flats cannot be detected on the 
flanks of the earlier ranges; and this is not only because the structure has 
been thoroughly dissected by erosion, but because here, in the last 
phases of development, they did not form at all. Jt must be particularly 
stressed that this fact has nothing whatever to do with the existence of longi- 
tudinal faults, ‘The western edge of the Sierra de Fiambala has no faults, 
and there is just as little indication of young piedmont flats there as on 
the edges of other ranges of similar age. ‘This is so, whether, like the east 
side of the Famatina Range in its northern section, they lack that kind of 
longitudinal disturbance, or whether they have such faults, which then 
outcrop within the zone of steep relief (western margin of the Aconquija 
Range, eastern margin of the Famatina Range in its southern section, 
etc.), or continue—or are presumed to do so—along the foot of the 
mountain range beneath the alluvial deposits of the neighbouring de- 
pression. Instead, the form associations present on the mountain flanks 
show the above-mentioned warping. 7/us makes it perfectly certain that, 
during the later stages of their development, the earlier ranges increased as 
before in length and amplitude BUT NO LONGER INCREASED IN PHASE, Jn- 
stead, there occurs warping of the existing zones of denudation a of the 
form zones. This statement does not hold in its entirety for the more 
recent and most recent ranges. The arrangement of the zone of steep 
convex slopes and of the straight slopes of maximum inclination, on the 
ranges of the type of San Salvador, has been mentioned (p. 23, fig. 
20, A 2). It indicates the former existence of a piedmont flat (or of some 
other form association equivalent in function) from which the zone of 
steep convex slopes must have arisen. "I'he youngest piedmont flats are in 
fact often to be observed at the edges of such ranges, as is excellently 
seen, for example, on the west side of the Salvador Range. The surface 
concerned is narrow, it lies in front of the mountain foot proper, and 
here it is sharply incised by streams; thus it has already been uplifted 
and tilted. Hence the remaining fragments are in the form of terraces 
which plunge down beneath the alluvial deposits of the adjoining de- 
pression, and converge towards other lower members of the terraces due 
to uplift. It is not a matter of dissected alluvial fans, but of rock surfaces. 
Also they are not connected with the mouths of individual valleys, but 
follow along the edge of ranges concerned for some considerable dis- 
tance, If they are cut into by streams which flow along these ranges, they 
then turn a steeply broken-off face to the adjoining lowland, Amongst 
other places this may be seen along the margin of the rugged rocky range 
of Carrizal, which together with several other secondary ranges, of a 
similarly low order of magnitude, forms a mountain bridge from the 
Sierra e] Ambato (Catamarca) to the Sierra Velasco (La Rioja), and so 
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closes in the Bolson of Andagald on the south. There occurs here not 
only ome such longitudinal terrace, but several, one above the other, 
similar to what has also heen noticed by 0, Schmieder on the slope of 
the Sierra de Cordoba that goes down towards the depression of Nono™4, 
Certainly the formation of these marginal or longitudinal terraces, as 
they may be called, is closely connected with river activity; but in origin 
they are fundamentally different from valley terraces. The stream flow- 
ing along the range lengthwise produces the terrace scarps, the marginal 
brows of the rocky surfaces, but not the terrace surfaces themselves, 
These are, rather, results of the denudation effected by the waters flow- 
ing from the range and so are tributary to their respective paths [not to 
the main longitudinal streams]. They testify that the area of denudation 
has moved out from the former foot of the range towards the neighbour- 
ing region of deposition, that the range has increased in phase. They are 
piedmont flats, or, as the case may be, piedmont benchlands on a small 

Comparing the two types of younger ranges leads to the recognition of 
an advanced stage of development in that which possesses piedmont flats 
as contrasted with the youngest ranges which have no such surfaces and 
so have not yet begun to increase in phase. ‘The drawing of attention to 
the ‘not yet’ is justified by the arningement of form associations which ts 
quite different in the younger chains from that in those which originated 
earlier and are no longer increasing in phase. These older ranges show 
the form association of convex slopes above the zone of steep relief at the 
mountain foot; the younger ones show it below the steep relief, at the 
mountain foot itself. ‘These are deep-seated distinctions, which denote a 
quite different course of development in the two cases***_ They touch 
the core of the problem, which has now been illustrated from different 
aspects: the way in which the ranges have grown, and the causes which 
have led to their growth, 

The similarity in the formation and arrangement of the form associa- 
tions on the various ranges proves similarity in development, but by no 
means indicates simultaneity in the stages of development which possess 
the corresponding shapes. ‘This is usually assumed for the peneplanes on 
the tops of the chains. ‘They have been observed in all sorts of places in 
the mountain girdles; they are very widely distributed in Central Asia, 
on the ranges of the mountain systems which form a broad belt round 
the Tarim Basin, in the Pamirs, and so on, in the most varied regions of 
the North and South American Cordilleras, and also in the western and 
south-western half of the circum-Pacific systems of mountain chains. 
They were always considered to be uplifted (‘upfaulted") fragments of a 
uniform end-peneplane, once connected over a wide extent, e.g. the 
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whole of Central Asia, which had its relatively depressed parts beneath 
the accumulations in the hollows, longitudinal depressions, and basins. 
This erroneous interpretation was obviously due to the firmly fixed 
notion which, too, is the basal assumption of the erosion cycle as it is 
applied (uplift, then denudation), and which prevented the recogmition on 
the peneplanes of form associations peculiar to the mountain ranges on which 
they occur, Whenever correlated strata have collected in the broad syn- 
chines, and been preserved there—and it is only in arid regions that this 
18 80: witness the Eastern Alps and Anatolia—the conditions at the edges 
and within these synclines allow it to be established by direct observation 
that the peneplanes on the aurmmuts of the ranges are not continued at 
the base of the deposits in the hollows, and have no connection or rela- 
tionship at all with similar peneplanes on neighbouring chains. It can be 
seen at once that the features in the hollows are very varied, since these 
themselves differ in age, and naturally their contents have a fuller strati- 
graphical history the longer they have existed. Only typical arrange- 
ments are shown in fig. 21. In the region treated here, the correlated 
strata are continental formations throughout; in the adjoining Puna they 
are predominantly volcanic materials (lavas, agglomerates, tufts and 
tufaceous sediments)***. "The sediments extend from Upper Cretaceous 
to the present day, but not all divisions are to be found in every depres- 
sion. Their extraordinary thickness, up to more than 10 kilometres, 
shows that they have been deposited on a relatively sinking basement. 
The facies development reveals the same feature; each series is divided 
into a coarse clastic mountain-foot facies and a sandy one deposited at 
some distance from the mountain. The first is a typical alluvial cone 
formation; amongst present alluvial deposits, the other finds its counter- 
part in the fine sandy beds which compose the interior of the bolsons, 
These extensive alluvial bottoms (‘Barreal’ of the natives) are often as 
level as a parquet floor. 

The present distribution of the two facies, in conjunction with the 
attitude of the bedding, shows that in course of time the areas of sedi- 
mentation became narrowed and were divided up. This was because 
fresh ranges rose up one after the other, or else the already existing 
ranges grew longer in the direction of the strike and, as it were, grew into 
the zones of what had been, till then, undisturbed sedimentation, The 
attitude and facies of the correlated layers form a sure means of dis- 
unguishing whether the ranges, or parts of ranges, are older or younger 
in origin, The profiles are the same as in Anatolia, but on a far grander 
scale and affording a clearer view of the whole arrangement®**, ‘The un- 
conformities within the sequence of strata are sharply marked; they ex- 
tend in a regular manner along the margin of the range and paas into a 
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concordant condition, ic. the bedding planes do so, towards the interior 
of the bolsons. ‘The unconformities are directly connected with the pene- 
planes found on the ranges; they form an immediate continuation of 
them and themselves have a graded appearance. Thus, the peneplanes of 
the range summits pass over into unconformities, with a peneplanated charac- 
ter, when they reach the edges of the adjotning broad synclines; and paxi into 
stratification planes as they approach the actual basins, ‘This state of atfairs 
proves quite definitely first, that the peneplanes concerned are of the 
nature of primary peneplanes, and secondly, their geological age. For 
the unconformities are no other than the covered in, and so preserved, 
forms of the forerunners of the peneplanes [now found] on the summits 
of the ranges. But it ts possible that as far back as the stage when there 
was still no denudation at all and sedimentation was still undisturbed 
(concordant bedding), these forerunners never had any other denuda- 
tional form than just a peneplane. In that case those peneplanes must m 
fact be the first primitive type of denudational forms which came into 
being on the ranges, just as they were beginning to appear. ‘That is the 
essential character of a primary peneplane. 

The peneplanes on the ranges have been more or less uplifted, the 
process continuing to the present day; and because of this they have 
been a prey to destruction. The unconformities belonging to them have 
been arched up with them and tilted, the more steeply the older they 
are; in their whole course they reflect in profile the anticlinal form of the 
ranges, These unconformities lie at a lower stratigraphical level, the 
older the peneplanes which correspond w them, The peneplanes con- 
tinue as unconformities between the corresponding divisions of the cor- 
related strata. And it is this fact, and this only, which shows the similanty 
in age of such peneplanes on the various ranges of the mountain system. 

Fig. 21 A illustrates this in more detail. It reproduces the conditions 
to be observed west of the Sierra de Fiambalé, omitting disturbing 
details, such as local folding and overfolding of the correlated strata, 
overthrusts developed here and there along the eastern edge of the range, 
etc: At this latitude the profile cuts through four ranges, or portions of 
ranges, which have originated at different periods. ‘The oldest member is 
the Sierra de Fiambala, for its rock types had already appeared in the 
Lower ‘Tertiary Calchaqui strata™, These latter surrounded the grow- 
ing mountains with a conglomeratic facies (¢ &), Westward they pass 
into formations of fine sands which have their greatest development in 
the Sierra Narvaez, which at that time had not yet arisen, and there they 
lie conformably above the Upper Cretaceous sandstones™*, The lower 
surface of the Calchaqui beds, wherever it is accessible, is an almost 
level surface of denudation***’. It cannot, however, now be decided with 
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certainty, whether any elements of the present mountain surface, and if 
s0 which, are its equivalent, i.e. which result from the Lower Tertiary 
form associations that were undoubtedly present on the mountain heights 
and maintain the form type. The origin of the piedmont flat (7), con- 
temporary with the dissection (equivalent to the commencement of the 
removal) of the central mountainland, can be correlated with the Lower 
Tertiary Calchaqui beds with a high degree of probability. Not only 
does the favies (dissection into valleys—conglomerate) support this, but 
in particular the fact that the Upper Cretaceous sandstones of both east 
and west sides taper off here towards the Sierra de Fiambald: so that 
even before the Lower Tertiary, this range separated two areas of de- 
position, in the east and in the west, from ane another, The fineness of 
grain of the Cretaceous sandstones indicates that the relief was slight in 
the neighbouring area of denudation. One is therefore led to suppose 
that the central mountainland, which today has vanished except for tors, 
was covered by the Upper Cretaceous peneplane as its oldest, first form 
association (primary peneplane); that in the Lower ‘Tertiary period this 
oldest zone of denudation was surrounded by a piedmont flat and be- 
came itself a central mountainland subjected to dissection by valleys; 
and that it was here that more actively working erosion prepared material 
for the Calchaqui conglomerates. 

_ The under surface of the Lower Puna beds provides better informa- 
tion. It is a bedding plane [extending] from the Bolson of Fiambalé to 
the area near the flanks of the Famatina Range. Puna gravels, derivatives 
of the newly appearing Sierra Narvaez, lic conformably on the Lower 
Tertiary Caichaqui sandstone; in the interior of the once wide depres- 
sion: Puna sandstone, formed at a distance from the Mountains, is con- 
formable to the Lower ‘Tertiary Calchaqui conglomerate appearing 
below it. On both sides of this zone of conformity, the strata transgress 
over the disturbed basement with a sharply marked and well-levelled 
unconformity. This unconformity passes into the summit peneplane of 
the Sierra Narvaez; and on the Sierra de Fiambald passes into the hum- 
mocky level of relief IT] (=the valley level of relief IT), as can be directly 
followed from the considerable remains of strata left on the mountain 
flank, It is only in the region between the Calchaqui Mountains and the 
Famatina Range that the under surface of the Upper Puna beds can still 
be traced as a bedding plane; and here there later arose ane of the most 
recent anticlines, At the edge of the Famatina Range the coarse Upper 
Puna gravels are already encroaching upon [definite] relief: and their 
under surface cannot be distinguished there from the valley floors of the 
so-called High Terrace, which belong to the type of relief TM. The same 
surface has been completely graded on both flanks of the newly risen 


BROAD FOLDS: THE ANDINE RANGES 297 


Calehaqui Mountains, and would have been a summit peneplane if that 
younger range had still borne one. 
‘Thus the age relationships, to the first approximation, are as follows: 
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‘This table simply shows the age differences of similar form associa- 
tions on the ranges which differ in age. It does mot mean that the relief 
types tabulated are separated from each other by sharp boundaries as 
regards either time or form. 

An important feature of more general significance is the repeated 
alternation of facies, from coarse to fine and back avain, in one and the 
Samie vertical section, e.g. in the Resguarda depression or at the east 
edge of the Calchayui Mountains (fig. 21 A). A superficial judgment 
might see in this the signs of a repeated alternation of uplift—powerful 
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denudation (hence the conglomerates), and standstill—lowering of the 
land, peneplanation (fine-grained deposits). However, that is by no 
means the explanation. As is shown by the composition of the strata, the 
overlapping facies have different source regions, belonging to different 
ranges in differing states of development, As each range first appears, 
predominantly fine-grained derivatives are thrown into the adjacent 
areas of deposition; and then, as time goes on, the coarse components 
increase. It can generally be seen that the coarse mountain-foot facies in 
the higher horizons of such a complex of strata reaches out further and 
further into the region of sedimentation, The Calchaqui beds behave in 
this way, starting from the associated range of the Sierra de Fiambala: 
the same holds for the Lower Puna beds, beginning from the ranges of 
similar age enclosing them on both sides (Sierra de Fiambald, Sierra 
Narvaez); and the same is also true for the Upper Puna beds if their 
development is followed out from the two associated ranges (Calchaqui 
Mountams in the east, Sierra Narvaez in the west). And it may further 
be observed that once a range has started to provide coarse ingredients, it 
continues doing this, right up to the present moment, Thus the sections 
through the 'Calchagui Mountains’ of today show, from the Lower Ter- 
tiary to the Upper Puna beds inclusive, nothing but coarse material 
derived from the Sierra de Fiambal4, there being no doubt petrograph- 
ically as to its source; and this facies continues to the present time as 
huge alluvial cones at the base of the Sierra. In the same way, from 
Lower Puna strata to the present day, only coarse formations have been 
coming down from the Sierra Narvaez, and their development shows an 
increase in the coarse-grained components and in their extension into 
just those areas where previously there were only fine clastic beds of 
Lower Tertiary age (¢ s), By comparison with their spread, the facies 
region of fine-grained Lower Puna beds (,s) has not only been narrowed 
down considerably but has been shifted, i.c. pushed eastwards closer to 
the Sierra de Fiambala, and so has come into the area which previously, 
in the Lower Tertiary, still belonged completely to the region of the 
mountain-foot facies of the Calchaqui beds (c k) (Calchaqui Mountains, 
fig. 21 A: Lower Puna sandstone p,s above Calchaqui conglomerate ¢ k), 
Corresponding features are to be found in the upper division of the Puna 
beds. ‘Their region of fine-grained facies (p,s) has been contracted to a 
Narrow strip within the depressions between the Calchaqui Mountains 
and the Sierra Narvaez; and it has, in its turn, been shifted with respect 
to the more widely extended p,s region, this time westward, to the 
position to which the inner part of the trough has been displaced by the 
newly risen Calchaqui Mountains, Thus it is there that the sandy Upper 
Puna beds (ps) occur over the conglomeratic lower division (pA). "The 
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same is true of the Quaternary formations, They are fine-grained only on 
a narrow belt in the interior of the Bolson of Fiambala, the lowest part 
of the trough which still persists after the process of range formation. 
This fine-grained material, bordered on each side by coarsely clastic 
talus cones, differing in width, occurs where only coarse Upper Puna 
gravels had been previously laid down. 

Thus in successive periods there has been a horizontal displacement of the 
factes regions. The facies laid down at a distance from the mountains 1s re- 
stricted to that part of the trough which is lowest at the time: and as fresh 
chains arise this 1s not only narrowed down but also shifted to varying 
mendians, Conditions along the present watercourses show quite clearly 
how the sedimentation and its facies adapt themselves to this’*®. If a 
fresh range emerges from the area of sedimentation, it means that the 
streams flowing to the new lowest parts of the trough not only have the 
lengths of their courses altered, by elongation or shortening, but that in 
every case there is a lessening of gradient in the region of the developing 
synclines. This forces the rivers to deposit their load, no matter whether 
they are breaking through the younger rising chains as antecedents or 
not. ‘The same thing happens as broad anticlines, already present, come 
up more strongly and with increasing rapidity, ‘The sedimentation thus 
forcibly accomplished is essentially a damming wp. It is particularly great 
where the streams have suffered shortening, which will always happen if 
the lowest part of the trough is pushed nearer to an already existing 
range. The waters then rid themselves of the coarse material and nat- 
trally do this nearer the mountain foot than previously; and again it is 
only the fine constituents which as a rule reach the lowest part of the 
neighbouring syncline. ‘The region of the coarsely clastic facies becomes 
narrower and to make up for that it rapidly swells to a great thickness. 

The development and arrangement of the facies in the correlated 
strata [i.¢. correlated with the denudation] include nothing which could 
in any way be connected with a change in the altitudinal form of the 
ranges, with an alternation of uplift and standstill; and, as far as can be 
seen at present, other regions of broad folding do not seem to show con- 
formity to any different laws fic, there has been continuous uplift). 
Rather, as climatic changes since Lower Tertiary times are out of the 
question in this case, there is only one conclusion to be drawn: each indi- 
vidual range, from the moment of first appearing until now, has been 
constantly increasing its relief, steepening its gradients, and thus he- 
coming a place of constantly increasing erosional intensity, In conse- 
quence it has provided detrital material of which the size of grain has 
always been increasing and never decreasing. This is true for each broad 
anticline and is true for the totality of the ranges making up the system. 
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The first [continuous increase in relief) follows from the way in which 
the facies development corresponds in a law-abiding manner to the 
stratification divisions correlated with the [rise of] individual ranges; the 
latter [increasing coarseness of facies] follows from the general diminu- 
tion in size, equally conformable to law, of the region where the facies 
indicates distance from the mountains, and the proportionately growing 
extension and thickening of the mountain-foot facies. 

Somewhat different conditions are offered by the ranges which, join- 
ing the Sierra. de Fiambala on the east, extend into the Puna (type of 
fig. 21 B). On their summits extensive remains of a peneplane may still 
be recognised in places, and its downwarped portions are also occasion- 
ally still visible‘as broad surfaces on the mountain Nanks (west side of the 
Sierra del Cajon). As a rule, however, it has already been replaced here 
by a medium relief with convex slopes (type IIT); adjoining this, on the 
lower side, there is often, hut not always, a zone of steep relicf. ‘The 
peneplane passes over small scattered remnants of Upper Cretaceous 
sandstone and over Calchaqui conglomerates, which are locally very 
thick, and so it is obviously later in origin than the Lower Tertiary. On 
the other hand, judging from observations which | was able to make in 
the longitudinal depressions of San Fernando, Lampacillo, and im the 
Cajon?*', it seems to continue to the base of the Puna beds, only the 
upper division of which has been found in the above-mentioned 
troughs. F'rom:a tectonic point of view, the bordering ranges belong to a 
system of later affiliation which, as far as observation goes, appeared 
about the beginning of the Upper Tertiary between the very much older 
Sierras of Fiambalé and Aconquija - Cerros de los Animas. So far this is 
true only of those parts of the ranges which extend southwards from the 
Puna into the lowlands of the Pampean Sierras; and at present it cannot 
be said also of the northern sections of the ranges which continue far out 
into the Puna, 

The type of configuration 1 is fundamentally the same as that of the 
older ranges. The summit peneplane is of the same kind, though obvi- 
ously of more recent origin (correspondingin time to the under surface 
of p, in the Calchaqui Mountains). And furthermore it seems, as has 
been remarked, to belong to-a surface formerly continuous over a larger 
area, which has been arched up on the ranges and bent down in the 
depressions, Whether this actually happened cannot, however, be af- 
firmed with certainty whilst more exact observations are still lacking. In 
any case, in the continuation of the ranges that are already within the 
southern Puna (district of Laguna Blanca—Laguna Grande), it can be 
seen that the summit peneplane is mo? identical with the basal surface of 
the deposits in the troughs, which there consist of volcanic matenal, but 
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that it passes across them (fig. 21 C)***. This fact shows that, though the 
summit peneplane has originated from the upwarped or rising fragment 
of a surface, once more extensive, and graded on a grandiose scale, yet it 
essentially represents a younger creation characteristic of the rising range. 

With this we come to the southern Puna de Atacama, It ia divided up 
by north-south ranges and depreasions—here separate basins of internal 
drainage—just in the same way as the adjoining region of the Pampean 
sierras. So far as is known, the ranges have been built up without fault- 
ing. The pronounced dislocations and overthrusts which accompany the 
eastern edge of the afore-mentioned affiliated systems have also vanished 
with entrance into the high land. The ranges are simple anticlines, the 
depressions synclines, and the superimposed volcanic material repro- 
duces this type of folding on a large scale, with exceptional clarity. Here, 
too, the ranges have originated at very different periods. Their funda- 
mental morphological feature is the almost exclusive dominance of flat- 
sh and medium relief forms. The following points may be briefly 
emphasised: 

The ranges (mentioned above) in the region of the Laguna Grande are 
of more youthful origin, and the summit peneplane is preserved. On the 
slope down to the neighbouring depreasions this is replaced by a medium 
relief with markedly canvex slopes, which towards the mountain foot 
makes way for a form association just as deeply divided, with concave 
slopes rising to a similar degree of steepness?**. ‘Thus from the surfaces 
of accumulation in the basins up to this level, waning development 
makes itself much more noticeable, and in many cases has already deter= 
mined the character of the ranges from foot to summit"**, That is not, 
however, the lowest and youngest form association. This appears as 
steep slopes, convex or of maximum. inclination, along those water- 
courses—few in number, it is true—which are equal to dealing with the 
enormous amount of rock waste. These slopes begin at the edge of what 
has accumulated in the basins; with increasing altitude they penetrate 
the sharply V-shaped valleys; and they often bound the rubbly or rocky 
flat floors of the trough valleys with sharply convex breaks of gradient***, 
They indicate that the precalence of waning development on the lower parts 
af the flanks of the ranges, espectally along the multilobate margin of the 
accumulation in the basins, is not due to any lack of altitudinal differences 
capable of causing erosion and increasing its intensity. But—here, in mid- 
desert—it ts caused by long continued lack of water schich flows only occa- 
nonally and which is necessary for the work of erosion. Actually it is only at 
the higher positions on the ninges, or on their steeper slopes, that a 
factor of transport tends to counterbalance the intensive formation of 
detritus and the development of huge streams of rock waste along the 
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valley furrows. ‘There, this factor does seem, at least to some extent, to 
be equal to the task; and this occurs not only a8 an exception, the case 
with the rare streams of constantly flowing water at the edges of the 
basins, 

The characteristic mark of the ranges of more youthful origin (see 
Plate XI) is that the summit peneplane extends away over a lower dis- 
turbed stage of the volcanic accumulation, which must on the whole be 
equivalent to the Lower Puna beds or a part of them. The flat, however, 
is by no means always preserved, and perhaps in some cases never 
existed. The latter case seems to be true for, amongst others, the low 
ringes in the vicinity of the Salt Lake of Pairique. ‘These extend from 
the northern edge of the Bolson of Fiambald towards the soaring moun 
fain mass of the Nevados de la Laguna Blanca, over 6000 metres in 
height, and one of the older Puna ranges (see below), ‘They are of very 
recent origin and are completely broken up into a steep mountainland 
(not of maximum gradient, however) with concave forms almost through- 
out (see fig. 21 Cz and the fig. 3 quoted in note 354), In other cases, 
on the younger ranges which are already without the summit peneplane, 
its former existence is shown by at least scattered humps of convex 
rounding which stand conspicuously above the otherwise concave mouti- 
tain landscape as uniformly accordant heights (sce Plate XI, illustration 
2; and part 24, plate 3, illustration 3 of Greolopische Charakterbilder); ox 
else the ranges throughout their whole extent show the convex forms of 
flattish domes on the summits, forms absolutely similar to relief type IIT 
of the Pampean sierras (fig. 21 C2 )***, On the whole, steepness of 
slope and valley depth increase from above downwards, with these 
features again becoming gentler and shallower at the mountain foot itself. 
Should waning development be already established there, then as one 
goes upwards from the lower hills, one passes through zones which, at or 
Tear the intervalley divides, are characterised by quite considerable 
steepness, the slopes being steeper than any present in the summit 
region of those ranges which are cut through by valleys. ‘Thus in major 
features as well as in details there is the same trend of development as in 
the Pampean sierras: increase of gradient as time goes on, taking place 
from above downwards, In the Puna, what corresponds in develop- 
mental stage to the steep relief here, is the form association (generally, it 
is true, far less steep), that is found on the lower parts of the flanks of the 
ranges, Even though this is not at its maximum gradient and is modified 
in various ways hy the waning development, it very often leaves an 
impression of steep relief, This is always the case on the ranges of greater 
elevation, whether they are more recent or older in origin. Other things 
(rock material) being equal, the declivities here are actually greater, and 
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more like those of a steep relief. Paralleling this, there is more vigorous 
growth in an upslope direction; and so this form association now and 
again directly adjoins, with a sharp break of gradient, the summit pene- 
plane or the medium relief arising from it on the mountain height**?- 

In the southern Puna, just-as in the Pampean sierras, the older ranges 
are characterised by greater height and breadth, by a greater number of 
denudation levels, i.e. of form associations arising one after another and 
preserved side by side, as well aa ‘by an analogous arrangement of these 
along the strike and on the flanks of the rangea, but not by other types 
of land form as in the case of the later developed broad folds. "The 
Nevados de la Laguna Blanca, an elongated mountainous upswinging 
with the same trend as the Sierra de Fiambald?*" (see plate XII, illustra- 
tion 1), belong to that older type. Even from a great way off the range is 
striking on account of the broad dome-like shapes which form its summit 
region and appear there as if built up one above another (fig. 21 D, p. 
275). They are extensive peneplane levels, not blurred by any specially 
advanced dissection into valleys, and separated from each other by 
extraordinarily distinct zones of convex slopes. "These cause the domes 
of the high parts of the mountains, 

A central mountainland, shifted eastward and northward, can be dis- 
tinguished, bearing broad patches of a flattish relief (very probably a 
primary peneplane): I in fig. 21 C and D, p. 275. It is surrounded on all 
sides by an excellently preserved piedmont flat (EH) particularly exten- 
sive along the trend of the mountains. Valleys with convex slopes cut 
into it, and in them are to be found the last extensions of that andesitic 
formation which, away from the old range, lay over the wide-spreading 
peneplane that was warped by broad folding in the neighbourhood of the 
Laguna Grande (IIT in fig. 21 C and D, and see p, 281). ‘The relationship 
between the lower surface of the andesitic formation and the range is 
excellently exposed at its eastern side and near its plunging north end. 
At both places it can be plainly seen that [IT is a lower piedmont flat 
which continues in valley-like form into the higher region and, together 
with its valley-like continuations, was overwhelmed by the andesitic 
flows. This surface, which is presumably of Middle Tertiary, possibly of 
Miocene, age (ic. the period of its ongin up to the time when it was 
covered by andesite, see p. 281), was flexed together with the overlying 
beds, as already noted, into ranges and troughs of more recent origin 
(see Plate XI, illustration 1). Naturally, it is so on the flanks of the older 
ranges as well; and here surface Il is also flexed, anticiinally arched. It 
had, furthermore, a very considerable relief, preserved at its margin in 
the valleys which at one time were cutting back to this position from 
surface IT]; and of course the floors of these valleys themselves (LII #) 
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are included in the bending. ‘They are relatively very steep, unbroken in 
their course and deeply dissected by the modern sharply V-shaped 
valleys which run out over the andesite country at the edge of the range, 
where they intersect the [11 ¢ vallevs. 

Great interest is attached to the transformation undergone by the 

brow, the outer edge of the zone of convex slopes, between LI and 11, in 
consequence of the bending. First of all, along the strike of the range, {.c. 
towards its sinking ends, the flexing, in so far as it can be called such at 
all, is very insignificant. Thus the scarp between I] and III has here 
retained its continuously convex curvature and relatively slight inclina- 
tion, in spite of its subsequent recession, the amount of which can prob- 
ably be determined (fig, 21 D). ‘The flanks of the ranges show quite a 
different effect. Here the bending (i.e. arching up) always reaches its 
greatest value, and leads to those unmistakable features which are de- 
pendent upon increase in steepness of all the gradients, and the conse- 
quent speeding up of all denudational processes within the zone of 
warping. On the eastern flank of the Nevados de la Laguna Blancs, the 
convex slopes in question have vanished and have been replaced by 
steeper slopes which upwards join surface I] with a sharp break of 
gradient, and on the lower side pass down with a concave slope towards 
the piedmont flat I'V or, as the case may be, into the valleys incised in it; 
for this surface can only just be detected and has already been dissected 
into a low hummocky landscape. ‘The steep slopes (VI in fig. 21 C1) 
eccur in a long row facing the Laguna Blanca basin, right along the 
direction of strike of the warped zone, a direction which coincides with 
that of the trend of the mountain itself. This, the smoothness of the 
slopes and the sharp line of demarcation both towards surface IT and 
towurds the slopes of the old [II ¢ valleys leading into the mountain mass, 
have produced magnificent facetted spurs (see Plate XII, illustration 2), 
which are quite as fine as those which in North America have been taken 
as the type for this feature and objectively portrayed [as such]. But there 
is no fault or fault scarp anywhere here, as can easily be seen from the 
andesitic formation which is excellently exposed in the valleys pene- 
trating into the massif. 
_ & piedmont flat (IV) has already been mentioned as the next lower 
level; it occupies the same position as the summit peneplane on the 
younger ranges, t.c. like this, it extends over the (older) andesitic forma- 
tion and its substraturn. Below these, as on the younger minges, there 
follow convex or concave slope systems, belonging to the Jower valley 
levels as far down as the most recent ones. They still await further 
breaking down. 

Thus the ranges of older origin in the southern Puna also show us a 
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picture which does not differ fundamentally from that of the broad folds 
of the Pampean sierras of the same or similar age, except that they are 
much less faulted, that their relative height js less, and that the angle of 
slope is always slighter. But, apart from that, the form associations of 
different age are found here also, to be arranged next to one another in 
their age sequence from above downwards. As before, they form narrow 
strips on the flanks; but, on the summits, they are considerably elongated 
in the direction in which the mountains stretch out. More particularly, 
their growth and the direction in which they develop, are the same. Up 
to the present, no piedmont flats of very recent origin have been ob- 
served in the Puna. There is, however, often a sort of petering out of the 
relief towards the lowest part of the basins containing alluvial deposits. 
These deposits seem to be intercalated between the relict features 
framing the basin, and at times encroach far into them, drowning the 
valleys and overwhelming the crests of the projecting spurs, This relief 
itself, belonging to the youngest stage of development, diminishes grad- 
ually towards the edge of the basin. Not only in its relative height, but 
also in the inclination of its slopes, it lessens to practically nothing and so 
very readily allows itself to be covered over by the deposits which are 
collecting at the bottom of the subsiding basin. 


(ec) GENERAL Survey 

At first glance the ranges examined in the foregoing sections appear so 
diverse as to be hardly comparable; but on closer examination they have 
revealed agreement in fundamental features. It has turned out that all 
belonged to uniform systems of mountain chains which were character- 
ised by corresponding divisions into ranges and longitudinal depressions 
and, taken as a whole, represented elongated domings of the earth's crust. 
In them all, their altitudinal modelling shawed development in the same 
direction: on all, the form systems (slope units) and farm associations. 
were so arrunged that the flattest were found above, the steepest below; 
and each form association showed a great extension along the strike of the 
mountains, whilst at right angles it was less, the minimum extent occur- 
ring there. Finally, all the ranges of the same system were found to be 
separated from one another by depressions parallel to the strike; and 
these were, or are, to a greater or less extent, regions of deposition for cor- 
related strata.” It is true that there are great quantitative differences in 
these, not only between various systems of ranges, but also between 
individual parts of one and the same system, This last point shows that 
there is no fundamental distinctive difference in the process of deposi- 
tion of the correlated beds as between broad folds belonging to different 

[*See Glossary], 
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zones. Further, great differences exist in the degree of faulting and in the 
degree of dissection by valleys. These differences also are differences in 
amount and notin type. 

The degree of tectonic dislocation is registered by the presence or 
absence of faults and overthrusts, especially at the edge of the ranges, 
and in the type of disturbance found in the correlated strata: simple syn- 
clinal bedding, or folding in the depressions, In respect of folding, the 
Eastern Alps, for example, take a prominent place; and it may be pre- 
sumed that there is a very intimate connection between the causes that 
produced the folded structure of the Alps and the broad folding which 
brought about the present altitudinal modelling of the mountains, and 
was responsible for the way in which the troughs were invaded by the 
correlated:strata and their compression there. I have frequently stressed 
the fact that in former geosyneclinal regions and simular zones of sedi- 
mentation, from which the fold-lines of the Mesozoic-Tertiary orogeny 
were able to take their rise, there must have been a genetic connection 
hetween folding of the strata and broad folding; as indeed follows from 
the partial coincidence in time of the two processes. How it happened is 
still quite obscure. Perhaps a way to the solution of the problem has been 
prepared by observation of the fact that several nappes of the central 
Western Alps and apparently also the north-western parts of the Eastern 
Alps, have resulted from. simple arching, ‘ge-anticlines'. Similarly, the 
Aconcagua nappe in the Andes seems to have been originally a broad 
woticline: and it is certain that at the edge of the southern Puna the more 
recent ranges have acquired a type of bedding which can only be termed 
imbricate structure, Here one is already far outside the late Mesozoic- 
Tertiary fold-lines of the High Cordilleras; nor is later folding of the 
strata absent, Sometimes it has happened to the Permo-Triassic Gond- 
wana series, sometimes to the Upper Cretaceous-Tertiary correlated 

beds fi,e. correlated with the denudation], but in both cases it apparently 
took place only where the complex of strata had a considerable thickness, In 
the ‘Calchaqui Mountains’ the Tertiary beds, up to and including the 
‘Lower Puna strata, are folded, and are overfolded towards the east. The 
primary peneplane surface passes over the pile of folds and indicates that 
the formation of the ranges began with the folding of the strata™*. The 
same had been established for the east and south-west sides of the Sierra 
Narvaez; but [there] the folding of the strata, which includes the Gond- 
wana beds and the Calchaqui beds superposed on them in a pseudo- 
concordant fashion, is older; and across the folds there passes the summit 
peneplane (=the basal surface of the older Puna strata) which, too, is 
older [than in the Calchagui Mountains). 
Thus here also the folding of the strata and the broad folding are 
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closely connected. Where there ts a suitable substructure, the broad folding 
begins with compression af this, and outlasts the compression. Consequently 
it is by no means possible to consider the folding of correlated strata 
within one and the same system of ranges as a process which set m1 
simultaneously throughout the whole region and, as a special phase af 
mountain building, entirely preceded the broad folding. Rather, it be- 
came noticeable at different times in different places, like the first riaing 
of the broad anticlines, Further, the case has been established—both in 
north-west Argentina and in Anatolia-—of ranges which, after they had 
existed for a very long time, underwent further development, charac- 
terised by increased upward movement. It has been shown that then the 
correlated strata at their edges, though up to that time unfolded, have 
nevertheless become caught up in the folding. Increase of crustal move 
ment has played the chief part in this: though very likely it may have 
been helped by the complex of strata achieving a suitable position in 
relation to the rising range, such as might be brought about, for ex- 
ample, by the development of overthrust faults. For it is a fact well 
worthy of note that the folding of the correlated strata did not become 
important either everywhere at the same time or generally in every part 
of the system of ranges. Nor is it doing so nowadays, In any case the 
features mentioned make one thing quite clear: broad folds are the work of 
tangentially directed forces, and this relates the process to true folding. This 
further essential point must now be added gm distincs contrast to the areas 
of continental uplift, say, of the type of the German flighlands : broad folds 
in all stages of their development grow predominantly in lenath and height; 
and, in their advanced stages, practically cease altogether to prow in width, 
Unlike the continental domings, the piedmont flats are not here widened 
in all directions, both along the strike and at night angles to it: but it 
holds as a general rule that the later the origin of the piedmont flats and 
the lower their position, the narrower (down to vanishing point) are 
their appearances on the flanks of the ranges and the more exclusively do 
they spread out lengthwise in the summit regions. 

Dissection into valleys makes it in many cases difficult and often im- 
possible to find evidence for peneplanes and piedmont flats, From our 
present state of knowledge it may be assumed that such flatrish form 
associations were always present on ranges of early origin, Recently 
formed ranges, on the other hand, seem quite often never to have had 
them on their summits, Wherever a relatively late origin could be proved 
for them, these ranges showed complete dissection and breaking wp as 
compared with older members of the same system. Steep forms and 
intermediate forms are regionally characteristic of them. And it 3 only 
under certain conditions and in certain zones—for instance those where, 
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in consequence of interior drainage (Puna) or rapid relative subsidence 
(‘ovas’ in Anatolia), drainage and deposits are daxined wp in the broad 
troughs—that the characteristics of waxing development are partially 
effaced in the region of the youngest and lowest sections of those stages 
of relief development. In the Basin Ranges and in the Mexican chains, 
there are perfect parallels to each of the various forms that are to be met 
with in the ranges of more recent origin. These latter are different only 
in their state of development at the moment, not (as has been shown) in 
the manner of their development nor in its direction. Davis considered 
them, in so far as they are characterised by intermediate forms, to be the 
remnants of ranges (that is, tilted blocks), which are approaching pene- 
planation, after the extinction of the crustal movement***. However, 
they possess throughout, or at any rate on the intervalley divides, the 
forms of waxing development. We can hardly go wrong if we consider 
them to be broad folds of rather recent origin. 

Qhiite surprising agreement is shown when the younger ranges in the 
southern Puna are compared with the lower ranges of ‘Tibet (relatively 
lower). These are likewise dissected into rounded forms of medium 
relief, and shrouded in rubble as described and photographed by Sven 
y. Hedin and A. Tafel?”, In just the same way the older ranges of the 
southern Puna are connected, by similarity in modelling, with the high 
ranges of Tibet, Flattish form associations characterise the smooth broad 
heights of these also; Sven v. Hedin designates, for example, the top of 
the Karakoram as a plateau, Peneplanes obviously still extend over a 
wide area of the mountain summits, or else are replaced by intermediate 
form associations. These latter show the same change from convex inter- 
valley divides to concave foot-slopes, and the same arrangement of the 
two types of form on the central summit portions of the chains and in 
the peripherally lying zone respectively, just asm the high ranges of the 
Pampean sierras or the southern Puna. Besides this, central mountain- 
lands rise from several ranges, and quite put in the shade anything that 
the southern Puna has to show in this respect; as they do also in that of 
extent, of relative and absolute height, and especially in the sculpturing. 
In many cases are still glacier-clad, and were 40 to a greater extent 
in the carly Quaternary: steep slopes border the boldly aspiring knife- 
edges and pyramidal peaks of these central mountainlands*™. ‘This, 
however, cannot hide the fact that in both cases it is a matter of features 
which are fundamentally similar. 

At the eastern edge of the Tibetan highland abysmally deep valleys 
open up unexpectedly, dissecting the system of ranges that swings round 
to the south-east, The convex forms of waxing development stand out 
particularly sharply, and on ranges which are becoming more and more 
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ravined, especially in the region of the longitudinal depressions where 
inaccessible steeply V-shaped valleys are sunk into their floors. Here 
broad flattish ridges lie high above the gorges and on both sides there 
rise up the flanks of ranges ‘which, eastwards, are being increasingly dis- 
sected into intermediate and steep forms. ‘hus zones of sharp edges und 
of longitudinal valleys, which exhibit the same land forms as occur in the 
Eastern Alps, develop from the ranges and depressions. But for one 
thing the dimensions here are enormously greater, and then the form 
associations have not been blurred by glacial overprinting, but ure pre- 
served with their connections intact***, 

According to these observations, for which we have to thank A, Tafel, 
the south-eastern margin of Tibet is not directly comparable with the 
southern margin of the Puna. For in Tibet itis not, as at the edge of the 
Puna, the floors of the depressions which lie at a lower absolute aititude 
than in the interior of the Highland, but the floors of the incised valleys, 
The fact of this dissection is certainly, in part though not entirely, due to 
climatic conditions, since the whole of castern Tibet is dramed to the 
ocean by the Salwen, Mekong and Yangtse, But at all events the influ- 
ence of climate in stamping its mark upon the outward form of broad 
fold systems must, in any case, be rated very highly. It is to be seen on 
ranges of similar age and in an otherwise similar state of development: in 
a moist climate they are naturally more completely dissected than in an 
arid region. It is to be expected that, other things being equal, the last 
stage of relief should under moist conditions have been more completely 
established at the expense of its predecessors than where there is aridity. 
This partly accounts for the transformation of East Alpine ranges inte 
zones of sharp ridges and for the absence of this breaking up in, for 
example, the equally closely ranged northern Pampean sierras, But only 
partly so, For it must be pointed out that where the Eastern Alps are 
becoming lower—and especially towards the eastern edge of the moun- 
tuins—older, Hatter, precursor form associations are preserved, to an 
increasing degree, on the heights. But the younger steep relief of the 
lower lying parts, which by no means owes its origin to the work of 
glacial modification, is equally developed in the east and in the west. 
Here is a problem the reots of which do not lie in any climatic conditions. 

The same problem, in an altered form, is found on comparing the 
longitudinal depressions. It is undoubtedly because of the climate, which 
has long been arid, that the high-lying basina of the southern Puna have 
been regions of interior drainage, and so of deposition, since Tertiary 
times (presumably Lower Tertiary), The similarly high-lying depres- 
sions on the eastern margin of Tibet are analogous to the longitudinal 
valley gones of the Eastern Alps in being deeply dissected, and so do not 
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function as areas of deposition. Yet whether accumulation does or does 
not take place in the longitudinal depressions does not depend only upon 
climatic conditions, nor only upon whether the drainage is interior or to 
the sea, Reference may again be made to the Eastern Alps, within the 
longitudinal depressions of which correlated strata put in an appearance 
eastwards in the same direction as the general fall in height of the moun- 
tains. These strata do not rest upon an ideal trough bottom, but they are 
embedded in a [definite] relief, in valleys which have been sunk in the 
hypothetical bottom of a trough (a sort of hypothetical ‘tectonic upper 
surface’). In the broad synclines of Anatolia, lying at a low absolute 
altitude, the later and youngest correlated strata mantle a [definite] 
relief, And the influence of climate does seem to show itself in this case: 
processes of denudation become effective in Jow-/ying basins if the streams 
draining them are given cause for erosion; on the other hand, they are 
not effective in the equally low-lying broad synclines of an arid region 
where there is no outflow. In the latter case, therefore, the correlated 
strata rest upon the relatively subsiding floor of the trough, and in each 
individual section this is formed by the upper surface of the next older 
bed in the complex of strata (conformable bedding, no relief features). 
Thus it is evident that the varying degree of dissection possessed by 
systems of ranges, anticlines and synclines, cannot depend upon climatic 
differences alone; essentially tf a to be traced to this additional eircuns- 
stance that the causes leading to erosion both were and are present to a 
different extent in the various systems of ranges and tn their indieidual 
This brings into a clearer light some of the features that have been 
noticed within the Andine system. Some of the bolsons in north-west 
Argentina, like that of Fiambala, the Calchaqui Valley, ete., are not areas 
of interior drainage and undoubtedly never have been such: the streams 
draining them are very old, as is indicated by the antecedent manner in 
which they break through to the lower-lying plain, Notwithstanding, the 
strata are built up in the way that would be expected in basins of interior 
drainage, that is, there are—as has been described aboye—no gaps {in 
the succession], This shows that in the part of the basin lowest at the 
time, there was never any cause for erosive incision, but always only such 
conditions as led to accumulation, In this there are to be seen rather 
fundamental differences as compared with the development of the Ana- 
tolian type of broad syncline, which has been found to be characterised 
by repeated alternation of scouring out and filling in, Going northwards, 
the depressions of the Puna are today found at high altitudes. They have 
intenor drainage. Bot where the Bolivian Highland enters the moister 
region to the north, there the basins Lying at no lower altitude, are deeply 
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dissected by the tributaries of the Amazon (‘Inter-Andine Highland’ of 
Peru and Ecuador), and the conditions prevailing are like those at the 
south-eastern margin of Tibet. The valley incisions expose immense 
thicknesses of fluviatile and lacustrine deposits, mixed with volcanic 
derivatives of Tertiary age. From what has been said, it is absalutely 
clear that it is not any climatic change, in the sense of increased vol ume 
of water, which has been able to effect the dissection of the Highland, 
but causes for erosive incision have set in at places where formerly the 
streams had found conditions suitable only for accumulation. The de- 
pressions and systems of depressions of the present inter-Andine high- 
land must in earlier times have lain at a lesser height above sea level than 
now. Finally, in the Columbian-Venezuelan region, with its virgation of 
ranges, there again takes place—in the humid tropical province—a 
change to conditions which are analogous to those in the district of the 
semi-arid Pampean sierras: the mountains, taken as a whole, are lower; 
the depressions again lie at a smaller height above sea level: and today, 
as in Tertiary times, they are still, over a wide extent, areas of accumula- 
tion***. The tectonic differentiation into higher and lower-lying parts js 
again great, and longitudinal faults have been established, The highland 
with its deeply-dissected trough regions has vanished. 

Not only is broad folding at work in the system of mountain chains, 
dividing up the crustal surface into ranges and depressions, and causing 
growth of the former as contrasted with the latter, but obviously there 
are yet other p s which interfere with it. | 

Similar phenomena recur at various places within the world's moun- 
tain belts. Some features of agreement have already been pointed out, 
fn particular, it has been shown that there are very close parallels with 
the ranges of earlier origin as they have been found in Anatolia and in 
the Andes, Their configuration has attracted a great deal of attention 
since, as they bear peneplanes or gentle intermediate forms on their 
heights, they possess graded crest lines that often appear almost level, 
This not only forms a contrast to the steeper forms on the slopes, but 
departs completely from the customary picture of the Alpine sea of 
peaks. Only a few features can be briefly cited: and only the mode of 
formation, the type and the arrangement of the form associations ab- 
served, can be considered. For in general far too little ig known about the 
relationships with the correlated deposits: and their treatment, like that 
of the whole question of geological dating, is obviously influenced by the 
conception that the peneplanes detected must be end-peneplanes, ‘This 
idea, as already noted, has also become a decisive factor in the inter- 
pretation of the tectonics (‘Fault Block Mountains’). No further refer- 
ence will be made to it, 
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Peneplanes, or intermediate forms derived from them, extend over 
the summits of the dominating ranges of the North American mountain 
system. The slopes facing the neighbouring depressions are steeply fur- 
rowed, Asymmetrical arrangement and development of the steep relief, 
similar to that of the Sierra de Cordoba and the other Pampean sierras, 
is prominent in the Wasatch Mountains and also in the Sierra Nevada***. 
In this latter case, individual elevations, obviously remnants of a central 
mountainiand, rise above a piedmont surface that is still preserved as 
fragments (‘subsummit plateau" of A. Knopf), dissected by broad valley 
troughs. ‘This is a medium relief undergoing waning development, and 
it joins the steep relief of the mountain flank in a sharp break of grad- 
ient. F, Machatschek has emphasised the complete morphological corre- 
spondence between these mountains and the ranges of Central Asia 
(Tien Shan)***. Similar configuration, and the same arrangement of 
form associations characterise also the broader arch of the Cascade 
Mountains, where powerful Pleistocene glaciation has not obliterated the 
levels established in pre-glacial times—remnants of a central mountain- 
land, an extensive piedmont flat, intermediate forms showing waning 
development, steep forms in the most recent valley incisions. B. Willis 
portrayed them on maps which clearly reflect the far-reaching hreak- 
ing up of the preceding stages"’. The number of analogous examples 
might easily be increased’**, ‘They all show that the North American 
ranges have had exactly the same trend of development as the broad 
folds of the Andes, The same applies-to the Central Asiatic systems of 
ranges, where German and North American investigations have pro- 
vided fairly detailed information about the configuration of the Pamirs, 
the Tien Shan, and adjoining regions**”, Extensive peneplanes, which 
have been found at the most varied levels both on the tops of ranges— 
where they often interlocked in the manner characteristic of piedmont 
Steps—and at the foot of the mountains, were, in short, considered as 
fragments of a single gigantic end-peneplane, which was supposed to 
have extended over the whole of Central Asia, to have been dislocated by 
faults in very recent times, and thus to have come to lie at various 
levels??". And itis only over the geological age of the surface and of its 
dislocation that there are divergent opinions: the Americans consider 
the hypothetical surface to be late ‘Tertiary, the Germans Mesozoic. 
What is actually established, however, is the occurrence of peneplanes 
on many ranges, but not that they are of the same age; the step-like 
repetition of such surfaces on several of the higher ranges, but not the 
throw of the faulting which was considered to have produced the steps 
(since there was apparently no other way of explaining their presence); 
further, the presence of high ranges which especially in the central 
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mountainous parts are, as it were, superimposed upon the level of the 
surrounding peneplanes, but are not of the horst nature occasionally 
suggested for what are obviously central mountainlands; and finally, the 
development of a comparatively very young piedmont flat, the lowest 
level, at the edge of several of the mountain systems—but by no means, 
a is Claimed, the identity of this with the peneplanes on the summits of 
the chains. Undoubtedly there are here structures of the most varied 
origin and quite different periods of formation, entirely different denu- 
dation levels which have been put together on account of the home- 
geneity of their form elements. Such a result indeed follows from the 
unconformities within the correlated Gobi strata (‘Tertiary in the main) 
which Keidel and Gréber investigated, and from the way in which the 
lower conglomerates of the same series encroach in the weatern ‘Tien 
Shan upon a relief dissected into valleys (l'. Machatschek). 

The Gobi sediments, which seem to go back as far as the uppermost 
Cretaceous period, are in their turn lying unconformably upon folded 
Mesozoic continental formations (Angara beds). But not everywhere. 
Keidel found them occurring conformably between the southern margin 
of the ‘Tien Shan and the northern edge of the Kashgar Mountains. 
Griber thought he could confirm this observation, but was, however, 
doubtful about it. Nevertheless, to all appearance this ts im fact the 
transition from the unconformity to a bedding plane, similar to that ob- 
served within the correlated strata at the southern edge of the Puna. 
The peneplanes on the Tien Shan ranges are considered to be equivalent 
to that late Mesozoic unconformity. ‘Thus the character of a primary 
peneplane may be considered as established for aurfaces where this con- 
dition obtains, But it is not certain whether these are the oldest form 
associations originating in the Tien Shan. For it is not certain whether 
the Angara beds, which are nowadays absent from extensive sections of 
the mountains, formerly covered the area completely, or whether, as 
Keidel presumed, they never existed there. ‘hus it is possible that they 
also were correlated, even at that time, with processes of denudation 
which, over the area of the present mountains, must have created form 
associations of a relatively early origin. Such an assumption need not be 
entirely rejected in the case of the very old form associations—already, it 
appears completely removed—belonging to the flatter configuration out 
of which the central mountainlands. of the highest parts of the massif 
muist have been carved. In the central ‘Tien Shan these form high moun- 
tain ranges, strongly glaciated, which are as it were superimposed upon 
the system of ranges (first level), Relics of the fringing piedmont flat are 
preserved. They lie approximately at the height of the summit peneplane 
of the neighbouring ranges, which have been described asa high plateau 
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devoid of peaks. If confirmation is found that the relationships conjec- 
tured do actually occur here, then the central range might be claimed as 
the oldest element, to which the neighbouring ranges were added later. 
The piedmont flat of the central range would be the summit peneplane 
[of the later ranges]; and it might well be that its origin was determined 
by the unconformity at the hase of the Gobi sediments (second level). 

The same arrangement seems to be repeated yet once more but at a 
lower level: below the highest of these summit peneplanes there appear 
planations which extend as wide strips along the longitudinal depressions 
and encroach valleywise into the parts of the ranges rising above them. 
Whilst the ranges become still more altered into elongated central 
mountainlands, hke those of the central range, but far lower, the strips 
widen into piedmont flats; and jt appears that in the outer parts of the 
mountains they form summit peneplanes, which may perhaps pass over 
into one of the planes of unconformity eithin the Gobj strata (third 
level), We are merely, with every reservation, hinting at such relations 
as possible. It may be taken as certain that, in the Tien Shan, peneplunes 
‘are present at various levels and with the interlocking effect characteris- 
tic of piedmont flats, Further, there is agreement upon this, that in all 
the ranges where there are Aat summits, the peneplanes are broken up, 
beginning from their edges, into intermediate forms; and, on the flanks, 
‘steep forms pass down to the longitudinal depressions. 

These latter are, for the most part, dissected by valleys (zones of 
longitudinal valleys). But also, in the interior of the mountains, basin 
deposits appear in the wide, deep depressions (Ferghana, Naryn, Ili, 
Tekes, and so on). It follows from the distribution of the mountain-foot 
facies, and of what is associated with deposition far away from the 
mountains, that the deposits were laid down ona sinking substratum, in 
synclines. ‘The beds are probably of various ages. They are generally 
considered to be Tertiary (belonging to the Gobi sediments), As at the 
mountain edge ("Tarim Basin), so also in the intermont basins (Ferghana, 
Hi, Naryn), they are disturbed, e.g. they are steeply dragged and folded 
at the edges of the chains: in the Naryn Basin they are cut across by a 
low-lying peneplane—into which the valley system has been sunk— 
obviously in the same manner as in the broad synclines of Anatolia. 

The type of disturbance found in the correlated Tertiary deposits is 
not only deformation at the edge of the mountain arch, or of the adjom- 
ing ranges as the case may be, but folding, which like the deformation 
becomes fainter with distance from the mountains. The localisation of 
this folding is dependent upon the distribution of material capable of 
folding: folding of strata could occur in connection with range formation 
only where such sediments were present over some considerable extent 
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and in suitable position with relation to the rising chaina (in the interior of 
the western Tien Shan, the Tertiary is said not to be folded). It indicates 
What is an essential feature of the processes of movement, namely the 
Participation of tangential forces. ‘Che strike faults become overthrusts**', 
especially at the edges of the system of ranges (Tarim, Ferghana) but 
also apparently in several of its longitudinal depressions, and this points 
in the same direction. The correspondence with the ranges at the south- 
ern edge of the Puna seems to be far-reaching from the tectonic aspect 
also. In fact, P, Gréber has recognised and stressed the broad fold nature 
of the system of ranges; he was able to show observational proof for the 
stand he had taken in opposition to the erroneous view, held up till then, 
of the importance of longitudinal faults in the structure of the moun- 
tains72, 

Reference has yet to be made to observations which throw light upon 
the growth of the whole mountain system (as apart from individual 
ranges), The general growth in height is indicated not by the increase in 
amplitude of the individual chains, but—just as in the Andine system— 
by the dissection of the longitudinal depressions which have become ele- 
vated to a great height; by the general increase in coarseness of grain in 
the Gobi series from below upwards, Keidel having followed this out 
along the southern border of the mountains; and by the great absolute 
altitude to which Lower Eocene marine strata have been uplifted in the 
western Tien Shan (up to 4000 metres), The zones of folded correlated 
strata now fit on to this at the western and southern marginal regions of 
the mountains, and in parts form independent ranges. Leuchs noticed 
the same thing in the wide zone of sedimentation which in earlier times 
divided the Tien Shan proper from the Dzungarian Ala Tau of the 
present day. The mountain system links fresh ranges to itself and pushes its 

periphery outwards. The same thing has been observed along the eastern 
margin of the Andes of north-west Argentina, and seems to be true for 
the eastern border of the system of ranges far into Bolivia. Their further 
growth in a direction tranaverse to their strike, and soa growth in breadth, 
is shown by the appearance on their outer sides of wide piedmont flats 
of very recent origin, often still but slightly dissected. Pumpelly found 
such surfaces at the edge of the Tarim Basin where incising streams had 
laid bare more strongly disturbed correlated beds beneath formations of 
Quaternary alluvial cones, Grand??? describes a magnificent exam pie of 
this kind at the edge of the Russian Altai. The evenly-cut surface, rising 
gently towards the mountains, is extremely well graded; it tops folded 
Palaeozoic sediments and achistose [? or slaty) rocks and rests against 
the flanks of the system: of ranges as well as its end, where it dies away to 
the west-north-west. 
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Thus the phenomenon of growth in width is not tsolated, It turns up 
again on the outer side of mountains of Alpine structure, in an appar- 
ently altered form as the addition of fresh folded elements and imbricated 
slices, Fundamentally, however, it is the same thing, and probably the 
differences are mainly those of rock materials. Where there is no con- 
siderable thickness of stratified deposits, this addition brings into the 
field of vision both the old substructure itself and the manner of its 
disturbance. From the areas of sedimentation, on the other hand, the 
strata of the immense superstructure emerge first; and it is the disturbed 
conditions there which become visible, not those of the basement. It 
cannot without further investigation, and certainly not invariably, be 
taken for granted that the substructure remains down below unmoved, 
that its stratified cover alone rises and is brought up only by folding, 
since in the central belts of the fold mountains that old basement ts up- 
lifted with it. Here, too, the recent additions have the configuration of 
ranges and depressions which, as at the eastern margin of the Andes of 
North Argentina or in Lower Albania’, coincide with anticlines and 
synclines; or else, as in the Dalmatian coastal zone or on the outer side 
of the western "Taurus, are whole fasces of folds and imbrications col- 
lected together into ranges. 

Growth in width is paralleled by growth in height. And it seems as if a 
general feature in the development of systems of ranges is here revealed: 
taken as a whole, ecen in the most advanced phases of development, they m- 
crease not only in amplitude but alto in phase, Obviously, therefore, the 
systems of ranges ar a whole behave differently from the individual ranges of 
which they are made tp. 

The Altai system of ranges, mentioned above, is in a state of far ad- 
vanced dissection and breaking up, which in its turn raises the problem 
of the growth in altitude of the whole system. Many features are remints- 
cent of the conditions in the east of the "Tibetan Highland, but they are 
far better known in the Altai, thanks to Grand's work there. Various 
levels of denudation stand out with great clarity, and in some cases it can 
be proved that they have developed from peneplanes. Under the infiu- 
ence of the concept that those surfaces are of the nature of end-penc- 
planes, and of their mode of origin according tw the cycle theory, Grand 
considers them to be the faulted fragments of the Central Asiatic Pene- 
plain which have been displaced with relation to one another along fault 
lines that have hud a course of extraordinary complexity, and. are 
merely presumed to be faults. l.ct us consider the features so excellently 
observed by the Finnish investigator. 

Above the aforesaid piedmont flat at the mountain edge, there rises as 
the next level 2 medium relief. This shows convex shapes with their 
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summits at a uniform height, increasing on the whole from the periphery 
towards the interior of the mountains. On various summits there are 
more or less extensive relics of Aattish form associations. They indicate 
a former peneplane which, according to Grand's map, bordered the 
mountains and their north-western extremity in just the same way as the 
peripheral piedmont flat of very recent origin still does, but it extended 
between the ranges into the longitudinal depressions. Here it seems to 
have been of the same type as the wide peneplanes in the Anatolian 
broad synclines. It is, however, deeply dissected and disintegrated into 
‘Highlands’ (zones of longitudinal valleys). A third level, which is obvi- 
ously characteristic of the ranges but not of the longitudinal depressions, 
has even at the present day still preserved—to a large extent—its flattish 
form associations. Leading up from the main valleys to these peneplane 
remnants are form associations that are steep below, and of intermediate 
type above. Their summit altitudes rise rapidly, their slopes hecome 
flatter, the depth of their valleys becomes correspondingly less. Through- 
out, the typical signs of waxing development dominate*”’, On various 
ranges, in the direction of their strike, extensive mountainiands rise 
above the peneplanes. ‘These have forms of medium relief, into which 
steep glacial forms have afterwards been cut (‘montagne alpine’); and 
often they have already broken up into separate mountains of mountain 
groups, ‘lhe convex rounding of the summits 1s worth noting; over wide 
areas they maintain an accordant height averaging 3000 metres. Actually 
wider fragments of flattish form associations are repeatedly to be found 
here. They point to the existence of a fourth peneplane level, above 
which there rise on some of the ranges, that obviously originated very 
long ago, individual mountains of over 4ooo metres. ‘These are remnants 
of central mountainlands of early origin, which are still extensively de- 
veloped in the central mountainous parts of the region fringing Mon- 
golia (T'abunbogdo, Kotuntau), and there are bordered by peneplanes of 
the fourth level forming piedmont flats. Further to the south, according 
to Grand, this surface seems to function as a summit peneplane. 

This whole arrangement is very characteristic, not however of a uni- 
form surface fragmented by faults, but of a uniformly growing system of 
mountain chains. ‘he central range, with the highest level broken up 
into a central mountainland, appears as the oldest fragment. The pied- 
mont surface here is the summit peneplane on that part of the range 
which is becoming lower towards the termination (prolongation) of the 
mountains, aswell as on neighbouring ranges added later to the system. 
It undergoes progressive breaking up in the direction of the general 
siopes of the mountains down towards the west and north, and changes 
into-a dower central mountainland (finally into inselbergs), which is in its 
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turn bordered by a lower piedmont fiat, And this again appears as a 
summut peneplane on the still lower dropping prolongation of the more 
recently added ranges, The configuration of the individual ranges is en- 
tirely of the kind found on the older ranges that have so far beer investi- 
gated. ‘The distinction lies in conditions found in the depressions, which 
are deeply dissected just as in the zone of longitudinal valleys in the Alps. 
Hut looking at the mountain system as a whole—without regard to the fact 
that the peneplanes belong genetically to the individual ranges—and so 
considering the position of the form associations in relation to the whole 
mountain mass, there stands out with extreme sharpness the resemblance 
fo the piedmont benchlands of the continental zones of uplift: what has 
been found there as close interdigitation of step-like levels arising one 
above another and one after the other, is repeated here as additions 
following on one after the other. 

The sum total of these observations leaves no doubt as to the broad 
fold nature of the Altai chains. It may here be mentioned that Gran6 
brings forward yet further facts when he describes the marginal warping 
of the fragments of the peneplanes that have been preserved and when he 
gives closer attention to the zones of longitudinal valleys. In some of 
them extensive accumulation is at present taking place. The rivers leave 
the wide alluvial floors—along the edges of which, at any rate in parts, 
fault lines may possibly occur—in very much narrower erosion-valleys. 
Further, narrow V-shaped valleys are tributary to them, ‘Thus there 
exists a contrast between the wide zone of excayation within which the 
streams collect waste and are sometimes dammed up to form swamps, 
and the incision of the same streams outside the zones of longitudinal 
valleys, Features of the same kind, but showing perhaps even stronger 
contrasts, are found in the ‘ovas’ of Anatolia, and they indicate subsi- 
dence of the zones of longitudinal valleys (or broad syniclines, as the case 
may be) with reference to the ranges surrounding them, and conse- 
quently a damming back in these zones, 

There are but few important points of comparison to be found in the 
western half of the Pacific framework. Molengraaf assumes ‘basin range 
Structure’ for the ranges of the Sunda Islands®?*. The anticlinal nature 
of the ranges was deduced from the development and arrangement of 
the reefs surrounding the coral-fringed series of islands, in the same way 
as O, Wanner had previously demonstrated the synclinal nature of the 
‘Timor depressions. But morphological investigations are still lacking. 
From some reports about raised peneplanes, it may be presumed that on 
the whole the same sort of forms are to be found in cast and south-east 
Asia also™**, In the mountains of New Guinea, which have quite 
recently been recognised asa system of ranges, Major H. Detzner 
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(famous for his daring expeditions) met with extensive plateau land- 
scapes above the precipitously slashed flanks of ranges which for the 
most part already meet in sharp knife-edges. His clear description easily 
permits the recognition of intermediate forms of waning development, 

It has not been possible here to give more than a hint as to some of the 
features present within the mountain belts of the world, so far as they 
are at present known, ‘The far-reaching agreement in configuration of 
the ranges stands out clearly, Geological proofs that the systems of 
ranges are all systems of broad folds is indeed still wanting, though there 
does not appear to be very much room left for doubt about it. The 
similarity of the configuration, which has been definitely shown, proves 
at least this one thing: the complete similarity in development of the 
ranges, and systems of ranges, for all casea that have been closely 
examined, whether these are systems of broad folds that have been 
recognised as such, or systems of ranges where the tectonic character 
still needs elucidation. What really matters, and what has been repeatedly 
brought out in this work, is the uniformity of the setting of the problem, 
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(1) A. Penck, Morphologie der Erdoberfldche, Bd_ 1, p. 2. Brbiotheh geogr. 
Handbicher. Stuttgart, 1894. | 

(2) The evidence for this fact is given in Watruer Pencx, Op, 17. 

(3) It may be assumed that they [i.c. fluctuations in sea level] interfere 
with the crustal movements, but this has not, so far, been dchnitely proved. 
R. A. Dauy now believes it possible to draw definite conclusions aa to the 
Pleistocene and modern eustatic fluctuations of sea-level from tropical coral 
ialands and atolls, as well as from recent and syb-recent raised beaches. Even 
if these Huctuationa are confirmed, it is clear that, compared with crustal 
movements, they are smuall in amount and so of slight morphological impor- 
tance, at least as regards the main characters found on the face of the planet, 
though not necessarily for the development of individual features. (R. A. 
Davy, The glacial-control theory of coral réefa. Proc, Amer. Aead, Aris Sa., 
1915, LI, No. 4, p. 157. Also 4. 7.S., 1919, XLVIL, p. 136: B.G.S_4,, 1920, 
AAXI, p. 303 and elsewhere. A general sinking of sea-level in recent time, 
Proc. nation. Acad. Sci,, 1920, V1, No. 5. p. 246 and GML, 1920, LVII, No, 
672, p. 246), 
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(4) W. M. Davis, The geographical cycle. G.7., 1899, XIV, p. 481; also 
C.R. 7 Cong. mt, Gdog., Berlin 1899, U1, p. 221. D. W, Jotsgon has eulited'& 
aclection of the writings of this American scholar under the tithe of Gee- 
graphical Ersays (Ginn & Co., 1909). The collection does not contain that 
article of Davis which is of special methodological importance: The systematic 
description of land forms. G_7., 1909, XXXIV, 2, p. joo. A full German 
presentation of his theory is contained in Die erkldrende Beschreibung der 
Landformen (B.G. Teubner, Leipzig 1912), and a shorter one in G. Braun's 
edition of Davia’ Physical Geography (1898) (Grundziige der Phystogeographie 
I, Morphologie, 2. Aufl, Leipzig i915), etc. 

(5) See particularly: G.7., Igeg, AXATV), 2, p. 700. 

(6) Proc. Amer. Assoc. Adv. Set., 1884 and (2. R. Cong. int, Géog., 1904, pp. 
153. 154: 

(7) See amongst other Writings of W. M. Davis: The Triassic formation of 
Connecticut, U.S. geo!. Surv. ann. Rep, 18. 

(8) Sce also W. Pence, Op. 17. 

(9) See the writings of 5S. Passance (Physiologische Morphologie. Mittei/. 
peogr. Gesellech. Hamburg, 1912, XXVI, p. 133 and Grundlagen der Land- 
tehaftskunde U1, Hamburg rg2c) and A. Hertner (Dre Oberfldchenformen des 
Festlandes, B. G. Teubner, Leipzig 1921, the repetition in a comprehensive 
manner, with additions, of articles which had appeared earlier in the G.Z.), 
Passarce makes the most far-reaching use of deductions without always basing 
himself upon adequate observations (see review by H. Wacnwer in PM., 1913, 
p. 176). A. Herrner, onthe other hand, isan outspoken opponent of the method 
of deduction. 

(10) The first critical investigation of the ‘endogenctic’ assumption which 
is made in the erosion cycle theory, as usually understood, was published by 
A. Pence (Die Gipfelflur der Alpen, Sitsungsher. Preuss. Ahad, Wissensch,, 
math.-pirys. Al, XV, p. 256, Berlin 1919), Observations reaching back to an 
earlier date were made by the author in the Argentinian Andes; and these 
supplied information which showed that assumption to be untenable (W. 
Pence, Op, 16). 

(rt) Die Oberfldchenformen des Festiandes, loc. cit. [note g], p. 215. 

(12) See WaLTHeR Pexce, Morphologische Analyse. Verhandl. AX. deut- 
scher Geographentag, Leipzig 1921, p. 122. 

(13) See WatTHeER Pexck, Op.16, p. 389: 

(14) The very frequently occurring cases of faults which are later on made 
visible by denudation are not to be classed as unlevelled fault scarps, for the 
processes of denudation have encountered rocks which differed in resistance 
on the two sides. ‘This is not being discussed here. | 

(15) C.R. Cong. int, Gdog, Washington, 1904, pp. 153-154, G.7., 1599, p. 7 
of the off-print, Aréldrende Beschretiung der Landformen, loc, cit. [note 4], pp 
146-147, 173, etc. 

(16) See amongst other writings that of H. ScumirrHenner in his digserta- 
tion on Die Oberfldchengestaltune des nirdlichen Schwarzwaldes, p. 59 (Karls- 
rule 1913). 
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(17) ‘It is well known that scientific physics has existed only since the in- 
vention of the differential calculus. It is only since man has learned how to 
follow the course of natural occurrences continuously that there has been any 
success in the attempts made to express in abstract terms the connection be- 
tween [various] phenomena.’ Preface to RIEMANN’s lectures on Die partiellen 
Differentiaigleichungen der mathematischen Physak (5. Aufi., Braunschweig 
1919), 

(18) Priority belongs to W. M. Davis who, in connection with studies on 
the Great Plains of Montana, cast of the Rocky Mountains, expounded the 
principle of pencplanation in 1886 (Tenth Gensus of U.S., vol. XV, Statistics 
of coal mining). A. Pesce, Uber Denudation der Erdoberflache. Schriften sur 
Verbrettung naturwisenschaftlicher Kenntnisse, XXVU, Wien 1886-87. 

(19) For the earliest investigations in this direction see A. PencK, Die 
Gipfeltiur der Alpen, loc, cit. {note ro}, and WatTurr Pence, Op. 16. 

(20) A short presentation of the connection between these is to be found in 
WALTHER Pexck, Op. 17, 

(21) The term ‘structure’, defined and used in a perfectly clear and un- 
ambiguous sense geologically, as identical with ‘internal build’, has not been 
used so unequivocally in morphological literature. W. M. Davis understands 
by it not only the condition of the bedding, but also the original altitude and 
the original surface, purely formal constructions created in order to deduce 
the cycle of erosion and to serve as its starting point (Die erkidrende Beschrei- 
bung der Landformen, p. 143, Leipzig 1912), But otherwise Davis separates the 
‘static element (structure) from the dynamic ones (crustal movement, uplift) 
quite in the manner of the physico-geological meaning, thus departing far less 
than A. Herrnes from the conception as found in modern geology. Herter 
tried to combine causes and effects, both the dynamic and the static pheno- 
mena, in his idea of ‘internal build’, and even extended it to vulcaniam {Dre 
Ober fldchenformen des Festlandes, p. 137, 197-198, Leipzig 121). 

(22) The fact of this development, and its nature, as well as their extra- 
ordinary complexity, prove an insurmountable obstacle in the way of accept- 
ing A. WEacENrn's simple solution of the whole series of problems in his idea of 
Continental Drift (A. Wecenrn, Dic Entstehung der Kontinente und Ozveane. 
Die Wissenschaft, Vol. LXVI, 2. Aufl., Braunschweig 1920). See the discussion 
on Wegener's theory in the Z.G.E., no, 3-4, to2t, and WaLTHER Pewcx, Zur 
Hypothese der Kontinentalverschicbung, ided,, Pp. 1370). 

(23) Thestable regions which, on account of their lack of Mesozoic-Tertiary 
folding, differ fundamentally from the mountain belts, show no very intense 
continuous crustal movement, except in special individual zones of disturb 
ance, ¢.g. that of the Rift Valley of East and Central Africa. This may be 
learnt from the comparative ranity of earthquakes, which sudieare that crustal 
displacement is taking place. By far the greater number af these occurs within 
or very close to the mountain belts, It is similar for volcanic phenomena: a 
very large majority of the active and extinct volcanoes are to be found in the 
mountain belts, It ig only there that gigantic batholiths and hundreds of 
smaller intrusions of recent age have been discovered. There are many times 
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that number of intrusive bodies not yet found, but indicated by volcanoes 
situated above them, ‘The dominant magma is intermediate in nature, andesi- 
tic, It ia of the Pacific type, rich in calcium, although inclusions of Atlantic 
magma, rich in alkalis, are not entirely absent. These are generally more 
recent than the Pacific extrusions, and appear as late sporadic intruders, The 
continental masses and the oceans show predominantly monotonous, but 
slightly differentiated basaltic extrusions, some having an extraordinary extent 
(northern Eurasia, Deccan, Patagonia, ete.). And in between them, Atlantic 
rocks, rich in alkalis, play a considerable part. ‘The geological arrangement on 
a grand scale is: mountain belt—predominantly Pacific magmas; stable regions 
—in the main not Pacific magmas, but a predominance of typical Atlantic 
rocks; and this is as little affected by the increasing number of mixed regions 
like Sardinia and of transitional cases, as by the increasing number of those 
who want to assume that there is a closer connection between Adantic and 
Pacific magmas than wis previously admitted, or who believe it possible to 
derive the one magma from the other, or both from a comman stock (see F. v. 
Wore, Der Vulkantsmus, Stuttgart 1903.—M. Stank, Petrogeaphische Pro- 
vinzen, Fortschr. Min., IV, p. 251, Jena 1914.—H. 5. WASHINGTON, 7.G., 
1914, XXII, p. 742. 4.7.S., 1913, XXXVI, p. $77; 1915, SXALX, p. 513.— 
P. Nicci, Die leichtfiichtigen Bestandteile im Magma. Pretsschr. jablonowsh, 
Gesellschaft, XLVI, Leipzig 1920. 2.M.G.P., 1920, no. 11, 12, p. 161.— 
R.A. Dacy, Jeneous rocks and their origin, New York, 1914. 7.G., 1918, AXVI, 
no. 2, Pe 97—WaLtHER Pence, Die Entstehung der Gebirge der Erde. 
Deutsche Reoue, September-Oktober 1921). 

(24) See A. Pewcx’s detailed description of the earth’s altimdinal form in 
Morphologie der Erdoberflache, Bd. 1, chaps. ITI and IV, Stuttgart 1894. Also 
M. Grout's Ticfenkarten der Ozeane (Werdffentl. Inst. Mecresk,, '.F., Reihe 
A, Heft 2, Berlin 1912; 2.G.E., no, 2, Berlin 1912) and H. Hevoe's Erganzung 
(2.G.E., 1920, Heft g—10, p, 261). 

(2s) P. Grosen, Estratigrafia del Dogger, Bd. XVII, ser. B. Direccion 

ai de minas, etc., Buenos Aires 1918. BLackweLper calls that Jurassic 
period of folding in the Pacific belt the ‘Nevadian’ (7.G., 1914, XXII, pp. 
633 ff.).—H. Sriue, Die mitteldeutsche Rahmenfaltung, /Viedersdchs. geal. 
Verem, toto, II, p. 226. Zur Kenntnis der Dislokationen, Schichten- 
abtragungen und 'l'ranagressionen im jiingsten Jura und in der Kreide West- 
falens. Jahrb. preuss. geol. Landesanst., 1905, XXVI, p- 103.—R. BARTLING, 
2.D.G.G., 1920. Abh, LXXIL, Heft 9-4, p. 161, especially pp. 165 f_—W. 
Haacx, Z.D.G.G., 1921, LXXIII, Monatsber. no. 4-3, p- §0.—O. Burne, 
Fale. preuss, geol. Landevanst,, 1911, XXXIL, p, 306. See also the ‘Fithrer zu 
den Exkursinnen der Deutschen Geologischen Gesellschaft, August 1914’. 
Niedersdchs, geol. Verein, Hanover 1914, pp. 89 if., especially p. 123.—O. v. 
Linstow, Jahrb. preuss. geol. Landesanst., XXXUX, Teil Il, Heft 4, Berlin 
1gt8. See also the Prussian Geological Spesialkarten 1 : 25,000, e.g. Sheet 
Kleinenberg (Gradabt. 54, sheet 28). 
(26) Watiter Pexck, Op. to. 
(27) Amongst others who do this are A. v. ScuuLT2 on the Pamir (4handl. 
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hamburg. Kolemalmst., 1916, XX X11, Reihe C})—the morphological findings, 
however, leave scarcely any doubt as to there being typical broad folding in 
the Pamir—and A. Puitirrson in Asia Minor (Reisen und Forschungen im 
westlichen Kleinasien, PM. Erg.-H. 167, 172, 177, 180, 183. rgro-1915), Ln 
this latter case, the gap in the observations has in the meantime been partly 
filled in by the author, and quite a number of assumptions about faults, which 
ull then remained unsubstantiated, have thus been corrected (WALTHER 
Penck, Op. 10). Similarly J. G. Grand found himself led to state that the 
faults constructed by V. A. OauTacuew and others for the Altaimanother 
broad fold system—were to a great extent non-existent (Les formes du relief 
dana l'Altai russe et leur genése. Fenmia XL, no. 2, Helsingfors 1917). There 
are many such examples; and the fact that the part played by faults in 
mountain-building is only now beginning to be cleared up, shows how im- 
portant it is to discover them and to verify their existence by actual observation. 

(28) WattHer Pexck, Op. :o and Op. 16. The expression ‘broad folding’ 
was first used for individual archings and subsidences, which had tectonically 
and morphologically, however, only very slight resemblances to folds, ‘These 
(like the Black Forest and the Vosees, which have been termed ‘broad feolids") 
do not occur as folds associated with a system similar in structure, nor are 
they characterised, as are folds, by the narrowing of their phase with increasing 
amplitude (see O. WILCKENS, Grundziige der tektonischen Geologie, Jena 1912). 
E. C. ABENDANON took over the expression, and since there was no precise 
definition clear of ambiguity to prevent him from doing so, transferred it to 
arching of any kind and of any order of magnitude (Die Grossfalten der 
Erdrinde, Leiden ¢g14). Further scientific use of the term has therefore 
needed primarily # definition, so that it may be used always in the same way 
and without ambiguity. ‘This definition has been given by the author (sec p. 
28), and it should he kept to in future. 

(29) In any case broad folding indicates a change in the spatial condition of 
blocks that have been moved, Either their boundaries come closer together 
because of compression, so that the block undergoes folding, or the bowndaries 
remain the same and the volume of the block is increased by magmatic intru- 
sion, so that again it must develop broad folding. If, on the other hand, a block 
is divided up into narrow strips, which are displaced with respect to one 
another, but ina vertical direction only, by the faults separating them, there is 
no spatial change produced. Thus it implies a fundamental misunderstanding 
of the tectonic problem if it is considered irrelevant whether or not the move- 
ment of the ranges, recognised as broad anticlines, has, with respect to the 
depressions between them, takes place merely at the fault lines. (A. 
Puusprson, P.M, 1920, Juli-Aug., p. 175. | 

(39) See F. Rossmat, Die mediterranen Kettengebirge in ihrer Beziehung 
zum Gleichgewichtszustande der Erdrinde, 4.5.4. W4m.-p.), XXXVHIL, no. 
2, Leipzig 1921. 

(31) A. Pewex, Die Gipfelffur der Alpen. Sitzungsber, preuss. Akad, Wis- 
sensch,, math—physikal. Klasse, 1919, XVII, p. 256, Berlin 1919,—A, Toan- 
quist, Das Erdbeben von Rann an der Save vom 2g. Jiinner i917 Ahad, 
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Wisensch. Wien, math.-nat. Alasse, Mitten’, Erdbeben. niestom, NF, 
52, 1918. The important stratigraphic-tectonic Merebttink made by O 
AMPFERER point in the same direction. Uber die Bohrang von Rum bei Hall 
in Tirol. fahrd. geol. Stactsanst. Wien LX XI, Heft 1, 2, p. 7K, 1921. 

(32) Relevant observations and bibliography have been compiled in 
WattHm Pence, Op. 16, 

(33) See the two structural maps on pp. (2 and 94 in WaLTHER Pexce, Op. 
10. 

(34) The same thing occurs in the Variscun mountains, The distribution of 
the Rothegende in Germany shows that here the line of folda which developed 
during the Lower to the Upper Carboniferous periot was, until as late as 
Permian times, divided up into mountain arches, and depressions parallel to 
the strike. These latter, as relatively sinking areas, received the Rothegende, 
and even today can be recognised, by the arrangement and facies of the con- 
ae strata, a6 places of sedimentation of the sarne type as the bolsons of 

Le. broad synclines. 

Gs) For detailed treatment of the processes of weathering, we have to 
thank van Hise (Treatise on metamorphism. {/.8. geol, Sure, .Wonegr. 1904, 
47), E. RaAMANN (Bodenhsmde, Berlin igus), BK. Lane (Verwstterung und 
Bodenbildung als Einfiihrung in die Bodenkunde, Stuttgart 1920) who discussed 
particularly the chemical aspect of the problem, Mare recent investigations on 
chemical weathering have been carried out by, amongst others, J. M. van 
Bemmeen, the founder of modern soil science (Dic Verschiedenen Arten der 
Verwitterung der Silikatgesteine in der Erdrnde. Zeifseir. anorg. Ghem., 
rgio, LXVI, p. 322), H. Stamm (Dic Verwitterung der Silikatgesteine. 
Landwirteh. Jahrb. igt1, XL, p. 326 and elsewhere), P. Vaceren (Phrysi- 
kalische und chemische Vorginge bei der Bodenbildung. Frahling's Lande. 
Zeitg, 1910, LIX, p. 878), E. Braxcn (Beitrage zur Kenntnis der chemischen 
und physikalischen Beschaffenheit der Roterden, Journ, Landw. 1913, p. §9), 
H. Nixuas (Chemische Verwitterung der Siltkate und Gestetne. Berlin 1912) 
and others. H. E. Bowke (Grundlagen der physthalisch-chemischen Petrographie, 
Berlin i915: D. Die Verwitterung) threw new light upon the phystco-chemucal 
side of the question. J. WattHen (Dar Gesets der Wiistentilduny, p. 111, 2. 
Aufl, Leipzig 1912) was concerned with mechanical weathering in arid regions, 
B. Hécuom devoted an important paper to frost shattering (Ober die geolo- 
gische Bedeutung des Frostes. Bull. geol. Instn. Unie. Upsala 1910, TX). 

(36) The magnitude of the change in volume depends upon the coefficient 
of cubic expansion of the rocks and that of the minerals composing them. The 
fata for this, as far as:is known at present, have been collected by K. Scuuiz 

in the Fortschritien der Mineraingte, Aristallographic wad Petrograplie (1914, 
Ba. IV, p. 337; 1916, V, p. 293; 1920, VI, p. 137). Using Metian® Reane’s 
data-as a basis, A. Pesce calculated the surface expansion of a square metre 
of rock to be 1400 square millimetres for a temperature change of 7o° C. 
(Morphologie der Erdoherfldche, Bil, p. 203). 

(37) With E. Pecuven-Lorscue, J. VaLiian attributes the shattering of 


beet into fragments of all sizes, to the rapidity with which it has cooled after 
PMLA 
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having been heated by the sun's rays. In deserts, this effect 1s produced by 
the sudden downpours ‘of rain which are not infrequent occurrences. In this 
way cracks develop in the core, as contrasted with the normal result of insola- 
tion, the peeling of shells termed desquamation by v. RicuTrHoren (Das 
Gesetz der Wiistenbildung, foc. crt, [m. 35], p. 131 #f.). 

(38) According to P. Rance, who was able to draw upon a fairly long series 
of observations for south-west Africa, the variations in the ground tempera- 
ture for an anil region are 60° [Centigrade] in seven hours in the summer, 50° 
in five hours in the winter (.Meteoral. 2eitschr. 1920, Heft 4-4, p. 103. See also 
J.¥. Hann, Ledriuch der Meteorologie, chap. 1, p. 37, 3. Aufl, Leipzig 1915). 

(39) Statistics for the conductivity of heat by various rocks are to be found 
in Lan~po.t-Bornstein’s Physthalisch-chemischen Tabellen (1905) and in 
WiInNKELMANN's Handbuch der Physih, Experiments by E. Less ahow that the 
conductivity is different not only for different kinds of rock, but also for the 
game kind of rock from different localities. The following table of conductivi- 
ties of heat is based upon the conductivity of silver being taken as 1: 


o-orss Basalt oooh 3 
Granite eoeoys7—reog7s Sandstone O-00704—000514 
oyenite oooga2 (gneiss o-oo57s—0- 00817 
Marble o-00578—0-00817 
Note that variations in magnitude may be as much as three times the actual 
value! 


(qo) W. Penck, Op. 16, p. 239. 

(41) #eitschr, anorgan. Chem, 1912, LAXVIL, pp. 384, 435. The pressure 
in the rock crevices actually remains unaltered and, the volume being con- 
stant, jee TD appears in addition to ice IIT. If the cracks widen, as much of 
modification [IT increases in volume and changes into I as is necessary for 
filling up the enlarged space. Thus, there, no frost shattering takes place, but 
changes of temperature or of space (pressure) are followed merely by an 
alteration in balance between water, ice I and ice ITI. Hence R. Lana is in- 
correct when he considers temperature extremes to be the determining factor 
in frost weathering also (foc. cit. [n. 35], p. 14), 

(42) According to Bi.aicke and S, Finstenwatner especially at the bottom 
ofa glacier, where there is rapid alternation between surface moistening and 
Freezing (Zur Frage der Gletschererosion, Sitcungsber. Kel. Bayer. Akad. 
Wissensch,, math—pirys. Ki. XX, p. 435, Miinchen 1890). B. Hécaom has 
indicated the extreme geological importance of frost action (loc, cit. [n. 35]): 
J. Himscuwatp wrote of his practical experience of frost shattering (Handbuch 
der techrschen Gettemsprifung 1910). t 

(43) Sec, forexample, R. Lana, loc. cit. [n. 35], p. 10. 

(44) U.S. Dep. Agr. Off. public Roads 1908, Bull. 28. See alag E. Raman, 
Zentralbl, Min. 1921, no. 3-9, pp. 233, 266. 

(45) In Constantinople, the granite obelisk erected on the Atmeidan by 
‘Theodosius the Great (A.D. 346-395) shows how, since his time, lichens have 
established themselves on the exposed (north-east) side, and have already 
eaten several mullimetres into the rock’s polished surface. 
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(46) Knowledge of this goes back to F. Comnu (Die Bedeutung der 
Hydrogele im Mineralreich. Zettschr. prakt. Geol. 1909; also Kollotdzeitschr. 
1909, TV, p. 275) E. Ramann (Bodenkunde 1911) and P. Ennennere (Dt 
Rodenkolloide, Dresden-Leipzig 1915) gave a detailed account of soil colloids, 
their properties and their importance. 

(47) Not quite true, since all soils from rock reduction are climatic soils, 
even the rubbly soils of mechanical disintegration. [t would be incorrect to 
speak of soils having a climatic horizon, and to contrast it with the rock 
horizon below, 

(48) The colloidal state is nothing but an uncommonly fine distribution, 
suspension, of matter. It is not stable, but changes spontaneously, though as a 
rule extremely slowly, into the crystalline phase. It has been noticed that 
colloids develop with rapid weathering, crystalloids of a corresponding chem- 
ical composition with slow weathering. Adsorption isa phenomenon due to 
the adhesive force exerted by the surface of cach colloidal particle. All these 
surfaces together form the mer surface of the colloid, ‘The amaller the size of 
the individual colloidal particles, the greater is the inner surface, and the 
capacity of adsorption increases with this, A. E. MirscHerecicn gives the 


following figures: 
Size of the inner surface Amount of 
per gram of the substance. adsorbed water 
sq. metres grains 
Fine Tertiary sand 1738 o-OT4 
Loamy sand 56-0 r'40 
Sandy loam By-go 209g 
Mellow loam t21-8o 7700 
Strong loamy soil 2his-o0 6-54 
Strong clay from Java gob-70 2381 


On the average about 4 square metres of inner surface will hold o-1 gram of 
water, which is in this way prevented from exerting any further chemical or 
mechanical influence (Bodenkunde fiir Land- und Forsteirte, p. 71, Berlin 
1905). | | 
(49) Thus the Mediterranean red earths are by no means the simple residue 
Jefe from the solution of limestone, see E. BLanck, Beitrage zur Kenntnis der 
chemischen und phystkalischen Beschaftenheit der Roterden. Journ. Lande. 
1912 and G.R. 1916, VIL, p. 57). 

(so) E. Gutay, Die ‘Humussiuren’ im Lichte neuzeitlicher Forschung- 
sergebnisse. Intern, Mitieil. Bodrnkunde 1915, 'V, pp. 232, 347. 

(51) [tis assumed that the sensitive colloidal particles are surrounded by 
insensitive colloids which are not so easily precipitated. The latter—in our 

case the humic substances—thus exert « profectroe fluence on the former, 

ssnctialiy on the hydrated oxides of iron and aluminium. 

38) R. Lane, Versuch einer exakten Klassitikation der Béden in klima- 
unl peolopiiche Hinsicht. Intern. Mitteil. Bodenkunde 1915, V_, p. 312. 
H. Simran’ 8 objections (GR. 1917, VII, p. 330) have been met by Lane in 
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Various writings, the last being in his Bodenkunde (loc. cit. [n. 45]). The dis- 
pute does not touch on that aspect of the problem of weathering in which we 
wre interested, 

($3) Another part of such substances, leached out under the influence of 
excessive moisture, goes into the ground wuter, or is again separated out in the 
lower horizons of the soil. [ron-pan might be mentioned as an instance of this. 
H. Stremam calls such zones of enrichment, found beneath the bleached 
upper layer, Hina! horrcons; and he considers that in the regions of the earth 
where precipitation is abundant there are, to be sure, quantitative differences, 
due to the different mean temperatures, but no qualitative differences in the 
development of the soil profile (Laterit und Terra rossa als illuvialer honzont 
humoser Walbdden. G.R. 191s, V, p, 480). 

(54) ‘There seems to be’a condition of equilibrium established: CaCO, + 
CO,+H,0 == Ca(HCo,},. Such a solution, saturated with CaCO,, cannot 
attack limestone (with which it is in equilibrium) in spite of the presence of 
free carbon dioxide. A surplus of CO, is necessary to make the solution 
aggressively active again. This is why the solution of calcarcous material 
ceases at the level of the water table even in limestone areas. 

(55) K. v. Tenzacit, Beitrag zur Hydrographic und Morphologie des 
kroatischen Karstes. Mitteil. Jahrb, unger. erol. Reichsanst, 1919, XX, Heft 6. 

(56) Their walls are on the whole smooth, roughened by corrosion in indi- 
vidual cases, A. Gaunn earlier reported having made similar observations 
(Der geographische Zyklus im Karst. Z.G.E. 1914). 

(57) The preservation of ground moisture is as essential for the process of 
solution a8 for that of hydrolytic splitting. This ts a second reason why condi- 
tions are more favourable in places with a cover of vegetation than where the 
rock ts: bare, In the same way, places where the snow lasts fora long are 
better off than those where the surface is quickly cleared. 

(§8) The constantly repeated error that there is no ground water in a desert 
makes it necessury to stress particularly the fact of ite existence, which has 
been proved on many occasions, (See amongst other references E, Katser, 
Die Wassererschliessung in der siidlichen Namib Stidwestafrikas. Zettschr. 
prakt. Geol, 1919, XV 11, p. 165.) 

(59) E. Katsen, Studien wahrend des Krieges in Siidwestafrika, Z.D.G.G. 
rgz0, LACK, Monatsher. no. 1-3 and Abhand!. Giessener Hochsehulgesellsch, 
1920, IT. 

(60) D. HAnente, Die gitter-, netz- und wabenfarmige Verwitterung der 
Sandateine. GR. 1915, VI, Heft 4-6, with extensive bibliography. 

(61) The way in which the rate of weathering depends upon the area of the 
inner surface, and its consequential effects on vegetation, is well illustrated in 
Hawaii. Here the rough vesicular Aa-lava provides a nutritious soil, suitable 
for plant growth, far more quickly than the non-cellular amooth-surfaced 
pillow lava of the same chemical composition and of the same age (W. 
Baicuam, The Volcunoes of Mauna Loa and Kilauea, Mem, Panahi Bishop 
Mus. Btheol. and nut. Hist. Honolulu tgts), 

(62) E..oe Manronne, Traité de ptopraphie Piynque, Paris tgog—A. 
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Rew, Eine neue Methode auf dem Gebiete der Geomorphologie. Fortschr. 
nal,-2iss. Forschung (E. Abderhalden) 1912, VI. 

(63) The increased task can, however, be managed since there is another 
side to the matter, As the number of divisional planes grows, so docs the 
inner surface, and with it the surface exposed to attack, by chemical agents in 
particular. Thus j in the latter stages of weathering the amount of chemical 
alteration becomes greater, ic. more is accomplished in the way of rock 
reduction, provided the end-product of weathering has not already been 
developed. 

(64) See notes 29 and 22; also WaLTiHER Penck, Op, to.—A. Laceror, Lea 
latérites de la Guinée et les produits d'altération qui leur sont associés. Nowe, 
wlrch, Mus. Hist. nat., Paria 1914 (5. sér.), Mis 255. 

(65) In the tropics, as in temperate climates, the exceptions seem to be 
associated with specially flat parts of the country or with places which were, 
until recently, areas of deposition, not of denudation. 

(66) E. Ramann, Sodenfunde, Berlin 1911, p. 313- 

(67) E, RaMANN, Die Einwirkung elektrolytarmer Wiisser auf diluviale und 
alluviale Ablagerungen und Baden. 7.0.G.G. 1915, LXVI, p. 275. 

(68) A. Pencx, Versuch einer Klimaklassifikation auf physic-geograph- 
ischer Grundlage, Sitsuapher. pretss. Akad, Witeensch., phys,-math. Al, 1910, 
KIT, p. 236. 

(69) P.M. 1878, plate 18. 

(70) The colour is connected with the formation of humus, which t 
favoured by the relatively low annual temperatures, associated with a great 
deal of moisture. If the humic colicids are adsorptively saturated with mineral 
salts, they become chemically stable, and are retained in the end-product of 
weathering, itself yellow, darkening this (the black carths, the calcareous black 
earths of R. Lane, which with us occur on limestone, and the brown earths 
of our latitudes). Where there is very thorough soaking, a for example in 
repions of a somewhat lower annual temperature, the soluble salts are removed 
from the soil, washed out and even leached from their adsorptive fixation by 
humic colloids, These latter then become equally soluble, and with them the 
more sensitive inorganic colloids, Thua part of them goes into the rivera and is 
leat (bog water, "black water’ rivers), The upper soil horizons become 
bleached: humus accumulates in the lower anes and frequently the dissolved 
inorganic colloids, if they have been re-precipitated by salts—especially 
calcium carbonate—are concentrated there. As a rule this happens near the 
level of the water table; iron-pan is formed. For the conditions leading to the 
formation and preservation of humus, see R, Lanc, Bodenkunde, loc. at, 
[n. 35], especially p. 94. 

(71) See-note 49. In the ray season, the Mediterranean red earth turns 
brown, since the red iron oniile takes up water and so changes into the brown 
hydrated oxide. Also it is in the rainy season that conditions are such as to 
make the existence of humus possible. It ‘dissolves’ the sesquioxides of iron 
and aluminium, which are then precipitated only if there is a plentiful supply 
of electrolytes, ¢.g. calcium carbonate, In the dry season the humus is ile- 
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limestone that they accumulate (though they do also occur elsewhere) and 
form the well-known terra rossa. 

(72) M. Bauer showed that this was the origin of the laterite in the 

Seychelles (Beitrige sur Geologie der Seychellen, insbesondere zur Kenntnis 
des Luterits, N. Jalrh, Min. urv, 1898, LXXX VII, p. 163 and ibid. 1907, Pp. 
33). Not everything which is red and is called laterite in the tropics is a pure 
hydrated oxide, as is shown by H. BOckinG, among others, in. his analyses 
(Zur Geologie von Nord- und Ostsumatra. Beitr. Geol. Ostasiens und Aus- 
fratens VIL, Heft I, Leiden 1904). See further F. W. Cianke. The Data 
of Geochemistry. U.S. geol. Surv. Bull. 430, Ser. E, p. 419, Washington 
1908. 
The earlier view, still held by H. Steam (see note $3, also H. Stuenme, 
Die Entstehung des Laterits. 2.G_E., no, 2; 1917, and elsewhere) that laterite 
is developed under a cover of tropical forest and so isan illuvial horizon 
beneath an wpper layer rich in humus, does not seem tenable. Red fateritic 
soils have indeed reported from the forest-clad tropical mountains of 
New Guinea and the Sunila Islands; but according to R. Lano's recent in- 
vestigations they are there overlain by brown and black earths, and so 
developed under climatic conditions different from those of the present day. 
Laterite and analogous tropical ted clays are formations belonging to warm 
belts with pronounced wet and dry seasons (c.g. the regions of light monsoon 
forest or tropical savanaa). If they are today found in areas of tropical rain- 
forest nearer the equator, there is reason for concluding that some climatic 
vanation has taken place (R. Lanc, Zentralbl. Min. uste. 191s, no. 5, p. 148; 
a$ to further literature, see Bodenkunde, loc: cit, [n. 45)). 

(73) B. Lane has rightly stressed this. The literature on tropical humus 
soils, peat bogs, and ‘black water’ rivers is listed in his Bodenkunde. 1, too, 
have seen only dark humus soils in the tropical rain-forests on the eastern 
slopes of the cordillera of north-west Argentina and the forested districts of 
the Hawaian Islands. 

(74) Humic colloids are also present where exuding water gives fise to 
patches. of luxuriant vegetation—though not on the cultivated. oases. Their 
presence here is connected with the slowing down of organic decay brought 
about by the high content of salts (sec K. Lanc, Bodenkunde, loc. cit. (n. 35}, 
p- 53): 

_ (75) E. W. Hu.Gaxn was the first to recognise the close connection between 
climute and type of sail, pointing it out for North America (Uber den Einfluss 
des Klimas auf die Bildung und die Zusammensetrung des Bodens: Wolinys 
Forsch, Gebiet Agrikultte-phynk 1893, XVI, p. 82, The same: Soils, New York 
1906), K. Guinka attempted the same thing for Russia (Die T'ypen der Boden- 
Bildung, Berlin 1914) and E. RaMANN was able to extend io the whole of 
Europe the knowledge thus gained (odenkunde, Berlin 1911, p. $21). Since 
then attempts have frequently been made tw discover similar connections aver 
the world as. a whole. ‘The credit for carrying this through successfully belongs 
to R. Lana, and his findings were ultimately presented in a comprehensive 
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manner in his Bodenkunde, loc. cit. [n. 35]. H. L. F. Mever also gave a cursary 
treatment (Klimazanen der Verwitterung usw. G.R. 1916, VIL, Heft 5-4, p. 
193), and H. StremMe showed for Germany in what a sensitive way the soil 
formation reacts to relatively amall climatic differences, and how vaned there- 
fore are soil types over even a amall area (Die Verbreitung der klimatischen 
Bodentypen in Deutschland. Branca-Festschrift, p. 16, Leipzig 1914). 

(76) Red colouration is by no means charactenstic of desert formations, a3 
is sometimes thought. In the desert iron, which gives the colour to red pro- 
ducts of weathering, ia more often in the form of crumbs of limonite which do 
not affect the colour of the detritus from arid weathering (E. W. Hu.carn, Die 
Boden arider and homider Lander, Intern, Mitteil. Rodenkunde 1912, p. 249). 

(77) The conclusions of R. Lane (see note 38 [? 35]) and J. Wavrume (Das 
Gesets der Wiirtenbildung, 2. Aufl. 1912, pp. 297, 298) lead in this direction. 

(78) ‘Premature’ bere means: before a little piece of rock has, through pro- 
gressive reduction, become so mobile that it is capable of spontancous 
migration, 

(79) T. S. Hunt seems already to have noticed this (The decay of rocks 
geologically considered. 4.7.5. 1883, XXVI, p. 190), and J. C. Branner: 
reported observations on it (Decomposition of rocks in Brazil. B.G.5.A,. 
1896, VIT, p. 255). 

(80) If the regular arrangement is not disturbed owing to thorough-going 
transportation by rivulets or rainwash. 

(81) He considers the seas of rock to be the result of a "periglacial facies of 
weathering’ (C. R. Gongr. géol_int. 1910. Stockholm 1912). 

(82) B. Hécrom, Ober die geologische Bedeutung des Frostes, Joe. ett. [n. 
35|—W. Saromon, Die Bedeutung der Solifluktion fiir die Erklarang deut- 
scher Landschafts- und Bodenformen. G.R, 1916, VII, Heft 1-2, p. 30. G, 
Kiem introduced a vital qualification, well-based upon actual observation; 
but he, too, considera that the rock seas are on the whole Pleistocene forma- 
tions. (Uber die Entstehung der Felsenmeere des Felaberges und anderer 
Orte im alae Notizhl. Ver. Erdk, uso. Darmstadt 1917, V Folge, Heit 3, 
p. 3, 1918 

(83) Die Blockfelder im Sstlichen Vogelsberg. Ber. Versamml, Niederrhein, 
geol. Ver. 1916, p. 29. MEvER seems to take the block seas to be fossil forma- 
tions, since as a rule they cannot have been denved from precipices or crags 
piers cit. in. 7sh P P- 31): Closer examination of the substratum leads without 

wsion that not every accumulation of blocks has originated 
as pare fas ee rhe traced back to it. The further argument, that the formation 
of block fields is brought to an end if they become forest-clad, is thus invalid 
(loc. cit., p. 44). 

(B84) H. Scumrrrenser, Die Oberflichengestaltung des ndrdlichen 
Schwarzwaldes. Heidelberger Dissertation, Karlsruhe 191}. 

(85) ‘This mistake is obviously traceable to the common confusion (found 
rah in other connections) of mechanical reduction with mechanical weather- 





te) Thus it is wrong to say, as Passaroe believed could be done, that there 
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is now no longer any movement within block seas (Wistenformen in Deutsch- 
land. (.2. 1911, p. 579). Seas of blocks and immobility are, as is shown 
by the whole state of affairs, conceptions almost mutually exclusive, As 
they move, the components rub one another down, and there may be a 
scratching of susceptiblc rock fragments. The scratched picces of hormstone, 
which O, H, Fromannapoarer found embedded in the materjal of some of the 
streams of granite blocks in the Harz Mountains, may be cited as illustration 
(Ober Blockstréme am Ostrand des Brockengranitpebictes, 7, Jahresberichid. 
Ntedersacks, Geol, Ver. Hannover 1914, p. $3). The seratches are too indis- 
tinct to be considered aa of glacial origin; and, still more important, the deposit 
asa whole shows no connection with any source of supply possessing glacial 
forms. Now such a connection is absolutely essential for proving the glacial 
origin of a mass of rubble or blocks. Cf, C, Cuenrus (Die Bildung der Felsen- 
mecre in Odenwald. 7.D.G.G. 1896, p. 644) who took slopes of moving 
material, masses of rubble anid block fields.to be moraines, and was corrected 
by G. Gérzincen who recognised their pseudoglacial character (Geogr. 
Abhandl, 1907, 1X, Heft 1, p. 84), 

(87) W. Pence, Op. 10. The same phenomenon 1s ulso to be seen, excellently 
developed, on the subdued relief of the pranitic summits (not on the slopes) of 
the Laoshan in Shantung. 

(38) It is. not entirely superfluous to stress this. since the transporting force 
and the transporting medium are occasionally mistaken for one another, See 
the views of Mryrr-itARnassowrrz on the movement of blocks of stone (Die 
Blockfelder im ostlichen Voyelsberg, loc. cit, [n. 83], p: 44: "Transport by the 
foree of pravity is in most cases excluded on account of the flatness of the 
slopes.’ p. 45: 'The greater part was set in motion and slid downwards long 
the very slightest of slopes, under the influence of the thaele. ..." 

(89) Morphalogte der Evdoberfldehe, 1, p. 202. Stuttgart 1894. 

(90) Icts self-evident that Nature shows no sharp distinction between mass- 
Movement and mass-transport, If, for example, in a gravitational stream of 
the first type, the amount of the water assisting the movement is incre: sec, 
and if this increase gains the upper hand, then mass-movement changes into 
mass-transport, Rainwash by surface run-off, considered by A. Pixcr to be 
still mass-miovernent, belongs of course by its nature to the second type of 
gravitational stream. It will not, therefore, be discussed till a later chapter, 

(91) Therefore, even when at a loss for a beter term, we cannot speak of 
soil movement when we mean muss-movement. (G. Braun, Uber Boden- 
bewepungen. 11. Juhresher. peoer, Gevellech, Greifrwld 1908), 

(92) So also, in the Valle del Bove on Etna, the wall-like appearance of 
basalt dykes, standing up above the surrounding basalt tuffa and unconsoli- 
dated material also of the same composition, is due not so Much toa difference 
iN resistance to weathering as to their very different degree of cohesion. 
Greater quantities of loose materjal than of massive dyke rock move away in 
unit time—helped sometimes by rainwash, ‘This is because it ts unconsoli- 
tluted. It is not noticeably more weathered than the basalt, of which only small 
ameunts are so reduced as to be made mobile in the same interval of time. The 
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choice of this as a text-book example of differential weathering is not a 
particularly happy one, 

(93) The mobility characteristic of 2 rock itself is undowbtedly superior to 
the acquired mobility which comes from reduction. However littl it may 
Tesist weathering, there always seems difficuiry in denuding strong mck, and 
s0 this stands out prominently from surrounding material of greater original 
mobility no matter how resistant to weathering the latter may be. It is in- 
correct to use the terms hard and soft for rocks which it is respectively difficult 
and easy to denude, since this does not take into account that what constitutes 
the difference in resistance to denudation is colloidal content, cohesion and 
resistance to mechanical or chemical weathering. It does not matter at all 
Whether or not the rock is 7? coherent?? (aber hetnestoeg der Kohdrens), 

(94) Increase of friction, brought about by increase in the velocity of the 
movement, may therefore be neglected in this case. 

(95) M. Branckentorn still describes soil movement as alow slumping. 
‘T ‘heoric der Bewegungen des Erdbodens. 2.D.G.G. 1896, p. 382. 

(96) The friction ts equal to the product of the coefficient of friction p and 
the pressure exerted at right angles to the substratum: mg cos a, where m= 
the mass, ¢ =the acceleration due to gravity, « the angle of slope of the sub- 
stratum, When a=go', then p mg cos a —9, 

(97) The downward movement definitely comes to a stop when the friction 
has the same magnitude as the component of gravity causing the movernent. 
This is g sin « and depends upon the angle of slope =. The angle of slope at 
which this equality occurs, is called the angle of friction. [tis given by the 
equation pg cos a’ =p sin a’ where p=the coefficient of friction, g cos 2’ =the 
pressure exerted at right angles to the substratum, the inclination of which is 
given by the angle «’. The condition for the actual cessation of mass-movement 
follows from this, viz, when p=tan a’. Thus the leas the friction, and the 
more effective the factors reducing friction, the gentler will be the alope along 
which the material can still move. 

(98) 5. Passance, Physiologische Morphologie. Mittetl, geogr. Gesellseh. 
Hamburg 1914, XXVU1 and Geogr, Zeitschr. 1912, Heft2. 

(99) RK. SAPreR gives an account of slopes covered with tropical forest 
which reach an inclination of as much as 70"! (Cber Abtragungsvorginge in 
den regenfeuchten T'ropen und ihre morphologschen Wirkungen. G.Z. 1914, 
KX, Heft I, p. 5). 

(roo) W. Benruaxn, Der Sepik und sein Strompebiet. Merteil, deutschen 
Schutagebieten, Erginzungsheft 12, Berlin 1917 and 2.G.E., No, 1-2, p. 44, 
1921. 

(tor) Such profiles are most likely to be found on slopes which decrease in 
steepness from above downwards. They show that material, taking its rise 
from the upper parts of the slope, is moving down more quickly than it can 
be changed by reduction into a more wivanced stage. It then, on the 
less inclined parts of the slope, forms a facies which not only contrasts 
with that occurring in the profile of reduced rock developing there, but alga 
ceases to show any correlation with the slope of the substratum. Such ab- 
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normal profiles make it easy to recognise the slaw downward movement of 
material: and it was through them that this movement was first detected (G. 
GOrzscer, Beitriige zur Entatehung der Hergritckenformen, Geogr. Abhanal, 
1907, IX, Heft 1). They are almost the rule where slopes are not too gently 
inclined and have resistant bands outcropping in them above rocks that are 
reaching the state of mobility more easily. With the more rapid disappearance 
of the latter, these bands also crumble away, are broken down, and migrate 
comparatively quickly even under a cover of vegetation. Naturally, the rubble 
thus developing beneath such a cover shows at the outset but few signs of 
chemical alteration; these are acquired only during the course of its migration. 
Thus it may easily be confused with products of mechanical weathering, 
especially if rock from,which it comes is on the whole as little susceptible to 
chernical weathering as the German Triassic sedirments (5. Passance, Mitteil. 
geoor. Getellcch, Hamburg 1914, XXVILLD), The extreme freshness, occasionally 
shown by e.g, Muschelkalk rubble beneath a vegetation cover, had been taken 
an indicating that its origin was Pleistocene frost weathering. This Muschel- 
kalk is one of the most widely distributed materials in Thuringia and south 
Germany in those formations which are duc to mechanical rock reduction 
(not mechanical weathering). It is still far from showing those changes which 
lead in one of two directions; cither to solution, or to the precipitation in m- 
creasing amounts of colloids, both inorganic and humic, especially on lime- 
stone. These processes have already, at the present day, caused considerable 
alteration in Pleistocene limestone rubble; and they could not have failed to 
mark this also with the imprint of powerful chemical weathering. 

(102) Jounsron Lavis, The Eruption of Vesuvius in April 1906. Sev. 
Tram, roy. See. Dublin 1909, [X, part 8, p. 139.—A. Lacror, C. R, Acad. 
Sei, Paris 1906, CXL, p. t244.—F, Penner, 4.7.8. 1909, XXVIT, p- 413- 

(103) The saggings somewhat frequently mentioned as a special form of 
slumping are merely early stages of this—where, for one reason-or another, 
the transition from a sliding to a flowing movement, by which the moving 
system breaks down into a stream, has not occurred or is rudimentary. 

(1e4) The earliest observations on this were communicated by Canon 
Moserey and Caantes Davison (Note on the movement of scree material, 
O.9.GS. 1888, XLIV, pp. 232, 825); see A. Pence, Morphologie der 
Erdoberfldche |, p. 221. 

(105) The differences in volume between the dry and moist conditions are 
a3 follows: 


Sandy soils I roo 
Loess soils t ky 
Caleareouws loams 1 1-2 
Soils rich im humus 1 1°34 
Peaty soils | 1-38 


F. Hanentanpt's results (Frtniinc’s Landw. Zeitg, XXVI, p. 481) quoted 
by E. RAMANN, Bodenkunde 1911, p. 327. 
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(106) The reason for this ie that when ice crystals are formed by freezing, 
their major axes are oriented in the direction of the radiation, that is at right 
angles to the exposed surface (E. RAMANK, Hodenkunde, p. 325), This is very 
beautifully shown by the ice on adge crests, which often raises rock particles 
several centimetres, and, where the upper surface of the soil is inclined, drops: 
them again lower down the slope (see Cuantes Davison, On the creeping of 
the soil cap through the action of Frost, G_\I., n.s. 1589, dec. ITT, vol. VI, p. 
agg and A. Pence, Morpholapie der Erdoberfldche 1, p. 221). 

(107) This is due to the high degree of mobility which is also responsible 
for the fact that, other things being equal, flatter surfaces are formed by wet 
than by dry material (ace THouter, C. R. Acad. Sa. Paris 1857, CIV, p. 
1537). In the rainy tropics, material migrating from the steeper slopes is, 
according to K. Sarren, often already in a pulpy condition and flows (*Hhowing 

(108) It is not possible to decide whether the higher summer temperatures 
have any effect. It was found, at any rate in the Atacama Desert, that insola- 
tion rubble was as thoroughly mobile in summer as in winter (WALTHER 
Pence, Op. 14). 

(109) Morphologie der Erdoberfidche, loc. ett. (n. 1], 1, chap. ILL A summary 
of more recent literature from 1903 to 1912 is given by A. ROHL, Geogr. Jahrb. 
XXXV;, p. $1; XXAAVIL, p, 325. 

(110) Uber Bodenbewegungen, loc. crt. [n. gt]. 

(112) See WaLtien Pencx, Naturgewalten in Hochgehirpe, Stuttgart, 1912. 

(112) Following A. Heit (Neujahrsil. naturf, Gesellsch. Ziirich 1874), J. 
Germs (Mountains, ther Origin and Decay, Edinburgh 1913) dealt with this, 

(r13) As a rule, bare dome-shaped mountains are made of granite or 
similarly massive rock, frequently characterised by a scale-like type of jointing, 
the result of primary contraction. This seems to be true in the case of the 
dome-like mountains tn Nubia (J. Wactues, Das Gesets der Wiistenbildung. 2. 
Aufl. 1912, pp. 108, 135), the granite domes of the arid Namub (e.g. Kains- 
berg; H. Coos, Der Erongo. Geitr. weol. Erforsch. deutsch, Schutzgebiete, Heft 
17, p. 148, Berlin 1919), the Rhodesian *‘Matopos’ (A. Pencx, Sodafnka und 
Sambesifiille, G.Z. 1906, XII, Heft #1, p. 604) and the domes which keep on 
recurring in South America, where they are called ‘Pan de Azucar’. In 
Uruguay, for example, their convex profiles afford a marked contrast to the 
non-granitic inselbergs of the surrounding pencplanc (see plate rt, fig. 2 in K. 
Waiter, Revitta del Inst, N. de Agronoma, Montevideo 1919, and Ser. No, 
3). On the other hand, the anticline-ltke structure of the domed mountains on 
the Bay of Rio de Janeiro is interpreted as resulting from some process of 
folding. ‘The scaling, which makes the domed structure apparent, is in this 
case attributed by B. Branpr to slipping of the highly mobile products result- 
ing from the chemical weathering of the gneissose granite. This process, as it 
works inwards from the outside, follows the structure of successive shells ( Die 
tallosen Berge an der Bucht von Rio de Janeiro, Mitteil. geogr. Gresellsch. 
Hamburg 1917, XXX). The shell-like scaling of the granite domes in the 
Sierra Nevada may also be attributed, in all probability, to the relief of tension 
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and so to the tensions themselves, within the rock: the shells also run parallel 
to the outer surface of the rock in the wall of the U-shaped Yosemite valley 
which cuts one of these domes in half. Its exfoliation depends upon dynamic 
conditions.in the same way as the exfoliation of rock laminae aften noticed in 
quarries and on the walls of mining gulleries (G. K. Guenent, Domes and 
Dome Structure in the High Sierra. 8.G.S_A. tgoy, AV, p. 29 and Bull, US, 
geol, Sure. 1907, No. 113, p. 42). BR. Anon connects the scaling of the small 
domes of massive conglomerate in California with tensions brought about by 
an increase in volume asa result of chemical weathering (7.G. 1907 XV, No, 
6, p. 560). Thus it is not right to speak of climatic conditions being respon- 
sible for mountain domes of rock in the sense of their being confined to 
regians Where rock reduction is by insolation, Rather is it the properties of the 
rock with which the form is connected genetically, The removal of the 
loosened material generally takes place as migration of individual separate 
rock particles, 

(114) Conditions for the accumulation of scree are the same as for that of 
loose volcanic products, which have been expenmentally followed out by G. 
Linck (Ober die dussere Form tnd den inneren Bau der Vulkane mit einem 
Anhang iiber die Diinen. N. Jahrb. Min, uste, 1907, Festband, p, gr), The 
superhcial slope of the accumulation is not the greatest angle which the louse 
material in question can support, but is: smaller than this and corresponds to 
the figure of rolling. The steepness of this latter increases as the sive of grain 
decreases; and the shape of the upper surface of scree conforma to this law. 
See A, Pence, Morphologie, loc. cit. [n 1), 1, Pp. 229; for the alopes found on 
talus: Fr. J. BARGMANN, Der jiingste Schutt der nordlichen Katkal 
Verdffentl Gesellsch, Erdk. Leipzig i895, p. 18 and A. Prwowan, bber 
Maximalbéschungen trockener Schuttkegel und Schutthulden. Pterteljahrs- 
schr. naturf. Gesellsch, Ziirich 1903, XLVI, p. 335: on the relationship of 
screes to alluvial cones: M, Gorrani, Materiali per lo studio delle forme di 
accumulamento J. Mem. Geogr, Suppl. alla Riv, geogr. ttal., No, 20, py 730, 
Florence 1912. 

(115) B. HOcnom is the iatest to point out that sloping rock faces underlie 
screes (Uber dic geologische Bedeutung des Froates, Rul. geal. Instn, Uniti, 
Upsalu i914, XH), 

(116) A. Hem, Ober Bergstiirze, Neujahestl, naturf. Gesellsch, Ziirich 
1882, LRAXXTY, 

(127) A. Pence and E. Bricanen, Die Alpen im Hiszettalter, pp. 748, $93, 
630, 913, 933, 1039, 1118, ete. Leipzig 190g. ‘The same is true for the San 
Juan Mountains, Colorado: FE. Howe, Landslides in the San Juan Mountains, 
Colorado, U.S. geol. Sure. Prof. Paper 1909, 67. 

(118) The smallest inclination that the slip plane must POSSESS, BO aa JUST 
0 prevent movement after the removal of cohesion, is that of the angle of 
friction (see note 97); the greater the mass of overlying rock, the less is this 
angle, Thus a slope is undermined if the planes of least cohesion are inclined 
more steeply than the corresponding angle of friction, but less steeply than 
the surface gradient in the same direction (A. Pence, Morphologie, loc. eit, 
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[n. 1], 1, p. 223), The undermining can be brought about by running water 
(erosion) or by wave action, but it may also be produced by human inter- 
ference. ‘Thus it was the working of a quarry that brought the catastrophe at 
Elm to a head, The explosions in the quarry seem further to have caused a 
great loosening of the whole rock complex which later slid down (E. Buss and 
A. Hem, Der Bergstur= von Elm. Zorich 1881). Similarly, explosions are aaid 
to have contributed to the slumping and caving in that occurred during the 
cutting of the Panama Canal (E, Howe, Landslides and the sinking of ground 
above mines. C. R, Congr, géal. miter. Canada 1913, p. 775.—D. F. 
MacDona.n, Excavation Deformations. iyd., p. 779). 

(119) V. Torwau, Beitrdge sur Geolgte der Berner Alpen, Liss. Bern 1996. 

(126) The release of falls of rock and slumping is quite often due to earth- 
quake shocks. "Thus the great landstide on Dobratsch was set in motion by 
the carthquuke of 1348 (A, ‘Tite, Mitterl, &,k, seogr, Gesellich, Wien 1907, L, 
p- §34); and on the occasion of the Assam earthquake of 1897, the steep slopes 
of virgin forest were, for a great distance around, deprived of their cover of 
vegetation because the underlying mantle of soil bad slipped down (R, 1). 
OpHAM, Report on the Great Earthquake of rath June 1897, Geol, Surv. 
India, Mem. XATX, p. 11g, Calcutta 1899). E. Hows, Joc. et. [n. 117, 118] 
and W. Cross traced the landslides in several parts of the western United 
States of North America back to earthquakes asthe essential factor ( Geology 
of the Rico Mountains, U.S. geol. Sure. 21. Ann, Rep. 1900, II, chap. V, pe 
129). 

(121) E. Rrenren, Der Bergsturz an der Bocea di Brenta. Mfintei!, deutsch, 
uw, dsterr, Alpenverema, LAXXYV, p, 72.—E. Howe, San Juan Mountains, foc. 
ett, [n. 117], 

a On Vesuvius in 1906 (see note 14), at the eruption of Bandaisan (5, 
Serva and J. Kicvent. Journ. Coll. Sei. Imp. Unio, Japan t889, U1, part If, 
p: 91), at the eruptions of Mont Pelee and the Soufriére, rgo2 (A. Lacnope. 
Paris 1904.— I. 0. Hovey, B.G.8.A. 1904, XV, p. 566), ete. 

(123) P. Grose, Informe sobre las causas que han producido fas eres- 
cientes del Rio Colorado (Territonos del Neuquén y la Pampa) en rg14, Bol. 
No. 11, Ser. B, Direccion gal. de Minas etc, Buenos Aires 1916, 

(124} The landslide at Golma in Biitish Garhwal, Sedectiony Rec. Govt. 
India. Public Works Dep., serial go, Vol. CCCXXTYV, Calcutta 1896. See also 
WattTHer Pence, Naturgeccalien tm Hochgebiree. 1912. 

(125) A. Hem, Der alte Bergsturz von Flims (Graubiindner Oberland), 
Jalrh, schwetz, Alpenklieh 1885, XVII, p. 295. 

(126) Tannezzer, Geologische Beobachtungen wiilirend des Baies der 
ratischen Bahn bei Chur und Keichenau. Jahresber. naturf. Gesellich, Gran. 
Inindens 1896, N.F., XXXIX, p.-§5. Sce also A. Penck and E, Beticeyee, 
Die Alpen tm Eiszettalter, loc. cit., p. 293 and R, Scawinner, Der Mt. Spinale 
bei Canspigtio ete, Mutter. geol, Gesellsch, Wien 1912, V, p. 128. 

(127) Sven v. Henin, Durch Asens Wisten, 1, p. 76 and elsewhere. 
Leipzig 1899.—The same, /m Herzen von Asien, Hd. Il, pp. 452, 453, and 
illustrations on pp. 449, 442, 444, 446, ete. Leipzig 1903.—The same, Tran- 
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Aimalaja, Bd. 1, p. 80 and elsewhere. Leipzig 1g09—W. Ricker RickMers, 
The Duab of Turkestan, Cambridge 1913. The phenomenon of ‘flowing rock’ 
seems to be developed on a grand scale in ‘Tibet, as can be seen from the 
reports of Sven Hepin (Southern Tibet, I11, p. 301, etc. Stockholm 1917) and 
A. Tareu (Meme Tibetreise, Bd. 1, p. 323; Bd. 1, chap XI, and the excellent 
photographs, ¢.g- Plate 67, etc. Berlin 1914). Here it w associated with the 
onset of the monsoon rains and with snow melt. A. v. Scuvltz presumed that 
such relationships held for the Pamirs also (AdbAandl, Aumburg, Kolontalinst. 
1916, XXXII, Reihe C, p. 176). It must, however, be pointed out that in 
Central Asia, too, it is only in belts of limited area that the movement of rock 
waste coincides with the temparary snow cover and in general with the more 
copious precipitation which makes ‘rock flow’ possible. The tore usual 

euture is growing accumulation of dry rubble, especially in the lower-lying 
parts of the highlands which are formed by the welding together of the 
Central Asiatic system of mountain chains, This is linked with neither the 
climatic differences—semi-arid to completely arid—nor the winter snow-line, 
but with those parts which have slopes of a low average gradient, such as 
prevail over the whole of Tibet. It follows from this that in Central Asia also, 
besides the flow of rock waste soaked through with water, there is also slow 
migration of material in the dry state; and indeed that there this represents 
the more usual predominant form of denudation. B. Hicnos classes the 
phenomena with polar solifluction. But if the characteristic of that is that it 
occurs on a constantly frozen, more deep-seated layer of the soil, then most of 
the semi-arid ‘rock flow’ is not solifluction (B, HOcnom, Die geologische 
Bedeutung des Frostes, foc. cit. [n. 35])- 

(128) M. Farepenicusen, Forschungsreise in den Zentralen Tiensehan. 
Mittal. peogr, Gesellech, Hamburg 1904, XX.—E. Macuatscuer (Der west- 
liche "Tienschan, P.M. 1912, Erganzungsh. 176, p. 73) shows a picture: of 
such a stream of wet rubble and describes the blocking of whole valleys by 
rock waste which has moved in from the sides. ‘This ts a feature frequently 
found in the Atacama Desert also (W. Pexcx, Op. 16)—M. Conway deals 
with the filling in of depressions between the mountain ranges of the Asiatic 
Highlands; and—on the whole quite justifiably—ascribes it almost exclusively 
to streams of rubble and mud, G7. 1893, U1. 

(129) See Sven Hevin, Southerm Tibet, loc. cit, [n. 127], pp. 254, 256, 257, 
297, 279, etc., especially Vol. TI, chaps, 33-36. Also R. W, Pumpency, 
Physiography of Central Asian deserts and oases. Washington Carnepte Inst. 
Shlec,. No. 73, PP- 243, 253 f.—The same author, Physiographic Observa- 
tions hetween Syr Darya and Lake Kara Kul, on the Pamir in 1903. fhid. No. 
26, pp. 123, 130 (L—E. Huntineton, The Basin of Eastern Persia. /did. No. 
26, pp. 219, 250 ff—W. T. Bianprokrn, On the nature and probable origin 
of the superficial deposits in the valleys and deserts of Central Persia. (2. 7.G.5. 
1873, XXEX, p. 493.-—E. Pecuve.-Lorscim speaks of the Damara Highland 
aa of a land drowned in rubble (quoted by 5. Passance, Sidafrika, p. 95. 
Leipzig 1908), See also the writings mentioned tn Note 127. 

(130) Wiste und Steppe, G.Z. 1916, XXUI, p. 129. G, Naciirieat draws 
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attention to the fact that there are often surfaces of serir stretching out at the 
lower end of the hamada, and it might well be thought that these surfaces are 
covered with derivatives from the hamada which after migration have been 
left in their present position (Sahara und Sudan 179, I, p. §3). 

(131) Sven v. Hepes, Zu Land nach Indien, U1, p. 325. Leipzig 1910.— 
Cl. Lestine, Ergebnisse der Forschungareisen Prof, E. Stromers in den 
Wiisten Agyptens, IT]. Abjand!. Bayer. Akad. Wettrensch. Minchen 1919, 
math,-phyr. Ki XXUX, Abt,-1, 

(132) J. Wavrner, Das Gesets der Wiistenbildung, 2. Aufl. 1912, pp. 189- 
192. 

(133) There is u continuous series of phenomena intermediate between this 
free mass-movernent and mass-transport, which it can be called when the 
amount of solid matter is less than that of the water, as in the case of “Muren’.* 
It ia therefore scarcely possible to draw a dividing line, and there is httle point 
in doing so. The disastrous mud streams caused by volcanic eruptions form 
one special group in the series. They were observed on Vesuvius in 1906, on 
Mont Pelée and the Soufriére etc. in 1902, and are quite characteristic of 
Javanese volcanic outbursts (see T. ANpeRSON and J, 5. Furr, Report on the 
asta of the Soufriére etc. 1902. Phil. Tran. roy. Soc. [A. 200], London 

o3.—F. Juncuvin, Jara, Bd. U inte by J. K. Hasskarl, Leipzig 

§9)—R. D. M. Vernezx and R. Fennema, Deseription péol, de Fava ef 
Mattes Amsterdam 1896), They arouse great interest because of the extent 
of the erosion, the scraping out and the valley deepening which they accom- 
plish (with regard to this, see E. 0. Hovey, B.G.S.4. 1909, XX, p. 409). 

(134) Observations are extremely numerous. Amongst many others, refer- 
ence may be made to G. GOrzincer, Bergrickenformen, foc, ait. [n. 101].— 
A. Pence.and E. Batcusen, Die Alpen tm Eiszeitalter, loc. at,—W. Benp- 
mann, Die Landschaften Rumiiniens, Z.G.E. Berlin 1919, Nos. 1-2, p. 29. 
—A, Pence, Morphologie der Erdoberfldche, loc, cit. [n. 1], 1, p- 226.—G. 
ate Beitrage zur Morphologie des nordlichen Apennin LL. Z.G.£. Berlin 

go7, p. 464.—R. AumaciA, Studi geografici sulle frane in Italia. Soe, eeogr. 
Hal Mem. XII, Rome i907 and G.Z. 1910, XVI, Heft 5, p, 272. Repetition 
on several occasions at the same place, and continuance of the process over 
whole decades has been described by A. Her amongst others (Die Boden- 
bewegutigen von Campo im Maggiatal, Kanton Tessin. Pterteljahrsschr, 
naturf, Gesellsch. Zurich 1898, XLII) and H. Scuanpr (L'¢boulement du 
Grugnay pres Chamoson, Valais; Bull. Soc, muoithienae Sci. nat, Vata, 
XXXIV, p. 205, Sion 1907) ete. 

(135) Regular recurrence of various forme of the shimping type of land- 
slide has, for example in Etaly, Jed to their receiving special names from the 
inhabitunts of the district, such as ‘france’, ‘lame’ (Almagia, foc, ett. [n. 134]), 
In the semu-arid regions, too, with their scanty vegetation, the widespread 
occurrence of slumping is shown, for example, by the processes going on in 
the Mexican Cretaceous and Tertiary arcas and in the south-western states of 
U.S.A. Thus in the Colorado Canyon district, landslides are important and 

[® Wet avalanches of earthy material occurring in the Alpa.| 
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teristic features of the landscape (W. M. Davis, An excursion to the 
Grand Canyon of the Colorado. Bull. Mus. of comparative Zoology 1901, 
XXXVI, p. 107, Geol. Ser. V, No,4). 

(136) See Notes 99, 100, ro7. The significance of slumping im the tropics 
has been stressed by J. C: Braxwen (Decomposition of rocks in Brazil. 
B.G.S.A. 1896, VID), W. Vouz (Nordsumatra, Bd, 1, Berlin 1909; Bd. Ul, 
rgtz), J. Romanes (Q.7.G.S. 1912, p. 103), &. Branpr (loc. eit, [n. 113), 
R. D, Orpwan (foc, eft, [n. 120]) and others in addition to those that have been 
previously mentioned. 

(137) Undercutting naturally brings about slumping on the flatter slopes 
also. It is not only running water which helps to bring this about; but any 
interruption of the forest by wind devastation or the tracks of wild beasts, any 
cutting for roads end railways, is followed in the tropics by landslides. 
SAPPER, Basiendance and J, C, BRANNER have specially drawn attention to thus. 
The difficulties encountered in the construction of the Panama Canal brought 
this out clearly (D. F: MacDonaLp, Annual Report on the [thimian canal com- 
mission, Appendix E, p. 205, Washington 1912). 

(138) W. Pence, Oo: 13. Whenever there has been a downpour, Water rung 
off rapidly and in great quantities along furrows trenched in the slowly flow- 
ing material, These, however, do not persist the whole time; frequently, as the 
rock waste flows together again, they become closed up, leaving no trace, 
only to uppear afresh in other places. In this way, water trickling in rills 
promotes and accelerates mase-trinsport, first by carrying away solid matter, 
and then by causing more nipid movement of successive fragments of rock 
down the steep sides of their rain-furrows. This co-operation of running 
water and mass-mnovement can be followed apecially well on Aattiah slopes, 
where there are very great differences between the speed of running water 
and that of rock waste. It is obvious that the prerequisite for this process is the 
vulnerability and actual damaging of the vegetation cover. 

(139) OF.G.5. 1904, LX, p. 243. 

(140) A preliminary paper on the geology of the Cascade Mountains. U.S. 
geol, Surv. tgoo, 20. Ann. rep. IT, p. 193. 

(141) G. Brave, Zur Morphologie des Volterrano. G.Z.E. i905, p. 771.— 
J. Granp, Le Falaises de la Manche. Paris tgo7. On the Channel coast the 
undercutting of cliffs is partly due to the direct action of breakers. The 
which bound the oases of the Libyan Desert and border the walley of the Nile 
also recede in consequence of slow crumbling away and slipping, Cl. Leaiovo 
considers undercutting by wind to be responsible for this (foe. ett. [n. 131], Pp. 
34), but this is certainly not correct in so generalised a form. 

(142) WaLTHer Pence, Op. 16, p. 44. 

(143) FLX. Scarren, Das Miozain von Eggenburg, diiumdl, geal. B.-A. 
Wien 1914, XXU, Heft 4. 

(144) WALTHER Puck, Op. to, pp. 46, 47. 

(145) J. SOnen, Epigenctische Erosion und Denudation. G.R. 1918, EX, 
Heft 7-8, p. 161. 

(146) RK. Seawanpen, Flytjord i svenska fjalltrakter. Geol. Foren. 1 Stock- 
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holm Farhandl, 1905, p. 42. J. Gercie haa already pointed out the possibility of 
such a kind of movement in frost rubble, and has made use of jt for explaining 
masses of fossil rubble—now apparently motionless—found far from their 
places of origin (The Great Ice Age 1894). He also, in this connection, referred 
to the masses of limestone rubble in Gibraltar, that have repeatedly and 
recently been interpreted as relics of Pieistocene rubble which, reduced by 
frost, is supposed to have flowed in this manner of polar solifluction from the 
region of supply. Taking inte account the latitude and altitude of Gibraltar, 
both these suggestions seem very harardous. 

(147) J. G. Anpenson, Solifluction, a component of subaerial denudation. 
7.G. 1906, XIV, p. o1. For detailed investigations we have to thank Breri. 
Hicrom (Uber die geologische Bedeutung des Frostes, Joc. cit. [n. 35]; Einige 
Iflustrationem zu den geologischen Wirkungen des Frostes auf Spitzbergen, 
Bull. geol. Instn, Univ. Upsala 1910, TX), J. Fedor (Beobachtungen fiber 
den Einfluss der Pflanzendecke auf die Bodentemperatur, Lundr Unie, 
Arsshr. 1913, N.F., Afd. 2, VILL, No. 9; Geografiska studier i St, Lule dilys 
killomrade. Sverig. peol. Unders. Arsh, 1913, VI, No. 4, Ser. C, No. 257, 
Stockholm 1914) and Axer Hamperc (Zur Kenntnis der Vorginge im Erd- 
boden beim Gefricren und Auftauen usw. Geol, Foren. Fork. ANVIL, Heft 
5, Stockholm 1915). A general survey of this group of phenomena was given 
by K. Sarres (G_R. 1913, 1V, Heft 2, p. 103). 

(148) ]. Fron, Ober das Verhdltnis zwischen Vegetation und Erdflicssen 
in der alpinen Region des schwedischen Lappland. Meddelanden frdn Lunds 
Univ. geagr, Inst, 1918, Ser, A, No. 2. 

(149) ‘The sorting of material in the upper rubble horizon seems to be 
connected with frost action. Separation of the mixed material takes place in 
such a way that the coarser ingredients often form regular rings enclosing 
polygonal areas in which the finer components have accumulated, Hence the 
nume polygonal soils or ‘structure ground’. See, besides the authors men- 
tioned above: H. Resvort-Housses, Om jordbuntsstrukturer i polarlandene 
og plunternes forhold til dem. Nyt. Magaz. Naturord. XLVI, Kristiania 1909. 
—W. Mervarnivs, Uber cinige charakteristische Bodenformen auf Spitz- 
bergen, Sitsungsber, med.-naturts, Gesellsch. Miinster, Bonn 1912 and Beo- 
bachtungen Gber Detritussortierung und Strukturboden auf Spitzbergen. 
Z.G.£. 1912, No. 4.—G. HOLMsEN, Spitzbergens jordbundsis og de bidrag 
dens undersokelse har konnet gi til forstaaelyen av de} orktiske land optra- 
dende varige isleier i jorden, Norske geogr. Seltkaps Aarbok XXIV, Kristiania 
1914. [t may be mentioned that F. Kiure and F, Jarcen found polygonal 
soils in East Africa, the former on the Kibo, the latter outside the sphere of 
any influence by frost (F. Kuve, Ergebnisse der Forschungen am Koilimuin- 
dschare 1912, chap, V. Berlin 1920.—F. Jaecex, Das Hochland der Riesen- 
krater. Mattel. deutsch, Schutzgebieten 1911, Erginzungsheft 4, p. 173). 

(1g0) Chas. Darwin was the first to notice, in the Falkland Islands, those 
low ramparts running together asymptotically in the direction of the gradient 
and partitioning the surfaces of rock waste. The streams of detritus found 

x 


F.M.A, 
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there were deseribed by B. StecueLe (Die Steinstrime der Falklandinseln, 
Minehner Geogr, Studien 1906) and etudied in detail by J. G. Axnenson, who 
also showed illustrations of them (Contributions to the geology of the Falk- 
land Islands, MWissensch. Ergebn. sched, Stidpalarexpedition 1go1-1903, Bd. 
IT, Lief. 2, plates §, 9 and figs..9, 10. Stockholm 1997). See also O, Noapesy- 
SkJOLb's description: Die Polarweli uma thre Nachbarldnder, Leipzig 1909, 
There are no rubble ramparts on the ‘rock glaciers’ of Alaska which on the 
whole: seems to be a special kind of rubble stream not yet understood (5. R. 
Corps, Journ, Ceol, 1910, p. 359). All that has been established about them is 
that they are moving. 

(151) B. Hécuom, Ober die geologische Bedeutung des Froates, oc. cif. 
[n,.35], p- 375. Frost phenomena in rubble are of course also present on high 
mountains new the summer snow-line, Mention may here be made of the 
rubble facets in the Alps (Chr, Tansuazer, P.M. rgrt, IL), It is also quite 
possible that, in eastern and southern Tibet, the flow of rubble begins on a 
frozen subsoil with the onset of the spring monsoon, In the end, the subsoil 
thaws out completely; but the flow of rubble persists right up to the beginning 
of the dry season. Further, it must be borne in mind that once a year, in 
winter, the region of solifluction extends equatorwards. Very transitory frost 
phenomena are also to be expected in the rubble of temperate regions at that 
time (see F. M. Bene, Uber geologisch wichtige Frosterscheinungen in 
gemissizten Klimaten. 4./7.G.G. 1918, LAX, Monatsber. Nos. ¢-7, p. 95). 

(2) Beitrage zur Entetehung der Bergriickenformen, joc. cit. [n. 101). 
Before that ‘Th. Fucus (Ober cigentiimliche Stérungen in den ‘Tertiarbil- 
dungen des Wiener Beckens und fiber cine selbstiindige Bewegung loser 
Terrainmassen, Jahrd, fk. peut, Reichsanet, Wien 1872, p. 309) and M. 
Sincer (Flicssende Hinge, Zettschr. dsterr. dny.-u. Archit_-Ver. 1902, p. 199) 
had already indicated the importance of the movement of rubble. 

(153) Morphologie des Messtischblattes Stadtremda, Mittei/. peopr. 
Gesellsch, Hamburg igi14, XX VU. 

(154) G.Z. 1915, XXI, Heft 2, p. 10s, 

(155) (Chere are also earlier observations availible: see G. A. F. MoueN- 
GRAAFF, Verkennings-Tochten in Zentral Borneo, Leiden und Amsterdam 19900. 
Fresh observations have been communicated by F. Kuwre amongst others 
(Atimandschare 1912, foc, cit, [n. 149]). What W. Vorz describes as forms of 
sil displacement in Sumatra are apparently nothing but the steep paths made 
by game and cattle (2.08. 1gt3, No.2, p. 1). 

(156) See Gorzincen, Cber pseudoglaziale Erscheinungen (Bergricken- 
formen, foc, cit, [n. 1091], pp. 81-100), 

(157) Die Entstehung der Stufenlandschaft. G.Z. XXVI, Heft 7-5, P. 207. 

(158) Sce also O, Letiaann’s subtly-made observations (Bibl, geog. Handb,, 
N.F., A. Pench-Fetthand, p. 48, Stuttgart 1918), 

(159) Besides this, there may often be noticed furrows, armamged beside or 


behind one another, which are covered in by grassy sod; they begin abruptly, 


become narrower and deeper up-valley, and end suddenly, ‘They develop 
after a thorough soaking, wherever water issues at the surface, and so causes 
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little sub-surface streams of mud to flow from ever higher up the valley, 
Analogous phenomena play a significant part on alluvial cones and in alluvial 
regions generally. | 

(160) W. Saomon, Tote Landschaften und der Gang der Endgeschichte. 
Sitaungsber, Akad. Wissenwch, Heidelberg 1915, Abt. A, math.-phys. Kl., p. 1. 

(161) The view that various climatic conditions give rise to various sorts 
of denudational forms seema to have been prompted in the firat place by 
comparisons having been made between portions of the earth's crust which 
were not comparable, having undergone different tectonic movements. For 
example, blocks of the continental massif type, in the geological sense, such as 
parts of Africa, were compared with crustal fragments that had undergone 
more vigorous movement, like the German Highlands or even the sone of 
[recent] movement. We must postpone till later the detailed consideration of 
two further points which are apt to be brought forward in this connection, the 
activity of the wind which undoubtedly has a wider scope in arid regions than 
elsewhere, and the dependence of the base level of erosion upon climate, this 
determining the interior drainage of arid regions. Here the following reference 
must suffice: The base level of erosion is not a form, but.a level; and whether 
this level is continental or marine, is of no consequence for the modelling of 
the slopes tributary to it. Conditions with respect to the wind are not dis- 
similar, There are only two places on earth for which, up to the present, wind 
action to any considerable extent haa been established for certain (the Namib: 
of south-weat Africa and the great oases of Libya). The wind does deed 
influence the level towards which mass-movement and mass-tranaport (rain- 
wash) stream down, since it lowers this; but it leaves to them the modelling 
of the tributary slopes (see p. 45). 

(162) See Wautier Pence, Op. 17. 

(163) See J. W, Guecory’s compilation fon the use of these terms], G.7., 
p. 189, London 19rt. 

(164) Following G. K. Gisert ([see] Morphologic der Erdoherfldche, 1, p- 
245, Stuttgart 1394). 

(165) A. Gaunp, Karsthydrographie, Geogr. Abhandl, 1903, VII, Heft 3; 


Beitriage zur Morphologie des dinarischen Gebirges, dvd. rqro, LX, Heft 3, 


(166) It is no longer true to the same extent when it is a matter of flowing: 
ice, beneath which, since the moyernent is so slow, erosion docs not entirely 
replace frost action; still leas does it hold for currents of air, Because of the 
extraordinarily low density of the medium these, even when their velocity is. 
high, have not sufficient power to produce any erosional effects worth men- 
tioning. So far as there are any morphological effects ut all, denudation (defla- 
tion) is far more important in this case. 

(167) A. Heim, Untersuchungen ther den Mechanionus dex Gebirpsbildung, 
Bd. 1, Basel 1578. 

(168) See Warnes Pence, Op. 16, chap, VI, 2. 

(169) Wind activity has thus no relationship to a lower level, analogous to 
the base level of erosion, such as could be reduced to a law. On the other hand, 
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denudation and erosion by wind do have an absolute Jower limit imposed by 
the water table, since moisture so increases the cohesion of loose particles 
that, even when their size is aufficiently small, they can no longer be lifted by 
‘air movements. 

(170) A. Pence calls this theoretical end position the “lower level of deniu- 
dation’ (Uber Denudation der Erdoberflache. Schriften sur Verbr. matiurtw. 
Aennte. XXVI, p, 484, Wien 1886-87, Das Endziel der Erosion und Denuda- 
tion, Verhandl. WTI deutsch. Geographentages, Berlin 1889, p. or. Sce also: 
Morphologie der Exdoberfldche, loc. cit, (n. 4], L, p. 363). The concept is iden- 
tical with Powrts's base level of erosion (J. W. Powe, Exploration of the 
Calorada rrver of the West, Washington 1875). 

(171) Por the reasons which forbid us to keep to Davis’ terminology sec 
Watuen Pencx, Op, 17, p. 102. 

(172) ‘This is especially the case when the three types of relief are preserved 
side by side as so often occurs in regions of broad folding—peneplanes on the 
summits, steep relief types on the Hanks of the ranges—and when they are 
delimited one from another by sharp breaks of gradient. See amongst others, 
W. Pence, Op: 16, chap. V1, 1: 

(P73) A. Hem makes the following contribution 28 te the influence of 
stratification: for slopes inclined in the direction of the dip of the strata, the 
steepness increases with the angle of dip, other things being equal. Ff the 
upper edges of the strata outcrop on the slopes, slopes with a mountainward. 
dip are about 5°10" steeper, those with a valleyward dip 10°20° gentler, 
than if the bedding is horizontal, (Gedlogie der Scheveis, p. 659, Leipzig 1919), 

(174) G. GOrancen, Beitrage zur Entstchung der Bergriickenformen, loc. 
cit, [n. 101], chap. V, 

(175) R. GRADMANN, Das Schichtstufenland. fiGE. TQOTg, nO. 3-4, p. 113. 

(176) For an excellent illustration of this, note the series of pictures by 
NS. H, Darton mentioned below: Preliminary Report on the gcology and 
underground resources of the Central Great Plains, (8. Geol, Suro. prof. 
Pap., no. 32, plates 47, 51, 54, 48, go (A), Washington 1965. 

(177) These then are the denudational forma af which A. Pence suid that 
they imitate, as it were, forms of deposition (Geomorphologische Studien aus 
der Herzegowina. Zettichr. deutsch, asters. Alpenver. 1900, p. 34). 

(178) 3S. Passance, GZ. 1912, Heft 2. 

(179) It must be pointed out that undercutting plays a rather important 
part in the denudation of every slope, whatever its inclination. ‘This is the way 
it takes place: if particle y (fig. 3, p. 137) leaves its place of origin, a very amull 
niche is produced, the steep back wall of which cannot be maintained but soon 
collapses, 1c. it nugrates upslope and accelerates the removal of rock from the 
position ya a: Such niches will develop at many places om the elope, unit all 
move upwards, After unit time, they have set in motion the whole mass 
ta 2'-2, and the new position of the slope 2'-2 is established, 

(180) O Litimann has already made observations on the origin of convex 
breaks of slope, the independent development of the various slope units, 
especially the way in which they shift back parallel to them selvea, and the 
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type of mass-movernent on them: Die ‘T'albildung durch Schuttyerinne. 4. 
Penck-Festbund, p. 48. Bibl. geopr. Handbicher, Stuttgart 1918: This is an 
investiganion unequalled for delicacy of observation. 

(181) It is necessary to stress this, since the divides between the younger, 
deeply incised valleys by no means everywhere coincide with the old inter- 
valley divides, The connections between them can be particularly well studied 
on the Kéaseine in the Fichtelgebinge. Here the steep slopes of the younger 
watersheds have already in several places worked upwards to the old inter- 
valley divides. In this way the relics of steeper slope units, the many crags 
which still exist on these lutter, crown the precipitous younger slopes on the 
one side, and, on the other, the old flattish slopes which belong to them 
(Hauenstein, Haberstein), 

(182) Hence the totally different acenery that is unfolded before on 
observer standing, for example, at Werenwag, as he looks up valley or down 
valley. In the former case he sees a deep valley, well wooded, with ateep and 
rounded slopes; down valley—a rocky canyon with a sharply drawn upper edge. 

(183) 'W. Pancn, Op. 17, p. 95. 

(184) Specimens of the various types of rounded ridge are to be found in 
the Badlands: forms pressed down more or less flat, with strongly curved sides 
(great acceleration of the erosion); and the types more stretched out, with less 
strongly bent slopes, projecting higher (slighter acceleration of erosion). See 
plate 45, ill. A in N, H. Darron’s article (Prof. Paper 32, doc, cit. [n. 176))) 
and G. K. Grinert’s figs. 2-4 (Convexity of hill tops, 7.G. 1909, XVII, no. 
4, P» 344). Gilbert, like W. M. Davis (Setence, XX, p. 245), considers con- 
vexity to be the normal denudational form, owing to soil creep. His deduction, 
however, moves in a circle, since he begins from the already completed 
convex ridges and does not explain how they arose: but—taking for granted 
the correctness of his assumptions—shows that they are preserved in a similar 
shape once they have aren. 

(185) Wattuer Pescx, Op. 13, pp. 49 ff. 

(186) H. SrerHMann, Zentralbl, Min. 1907, p. 747. 

(187) BR. Grapwiann, Das Schichtstufenland, low. cit, [n. 175). See also E. 
HenniG, Strukturelle und skulpturelle Ziige tm Antlite Wiirttembergs, Erd- 
gesch. landesh, Abhandl, aus Schivaben und Franken, Heft 2, Obringen 1920, 

(188) The broken line #8 in fig, 11, p. 172, is the verticul from a ridge, 
crest or peak, and enables us to follow such changes in shape and height, e.g. 
those of a hill lying in front of an escarpment. Slope position 13, for example, 
reproduces very closely the profile of the Jail Rocks in N. H. Darron's 
ibustration (foc. at. [n. 176], plate 48). 

(189) Der Erongo. Beitr. geol, Erforsch, deutsch, Schutzgeb,, Het 17, pp. 
221-222, Berlin 1919). 

(19¢) ‘This may also be made clear with the help of fig. 7 (p. 158), If the 
slope unit ¢ represents the maximum gradient in a rock of slight resistance, d 
that in a stronger rock, it is obvious that an angle of slope such as cis dé 
and maintained when the general base level of denudation falls by the amounts 
3-4 4-5, and so on; while the steeper alope (corresponding to d) in the 
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stronger rock requires, on the other hand, a greater lowering (in unit time) of 
the base level of denudation. 

(191) See A. Merrner, Rumpfflichen und Pseucdorumptflichen, GZ. 1913, 
XIX, Heft 4, p. 185. 

(192) W. M. Davis, An excursion to the Grand Canyon of the Colorado. 
Bull. Mus. compar. Zooloxy, XXXVI (Geol. ser. V, No. 4), Cambridge 1gor. 

(193) W. Scuaerruennen, Die Oberflichengestaltung des nérdlichen 
Schwarzwaldes, Diss. Karlsruhe, 1913, 

(194) E. Henntc, foc. cit. [n, 187], p. 54. 

(195) The general arrangement of the geological outcrops is shown in the 
Obersichisharten by C. Rece_Manx, Wiirttemberg und Baden 1 : 600,000 and 
by C. W. Gtimpe, Bayern 1: 100,000, Sheet N., XII, XIII, XIV, XV, XVI, 
XVII. The morphological relanonship can be gathered to some ¢xtent from 
the aheets of the 1: 25,000 Geological Spesia/karten for Baden, Wirttemberg 
and Bayern..For the areas considered in the text, see particularly sheets 110, 
Trt, 120, E21, 132, 133 of the Grand Duchy of Baden, 

(196) In addition, there is no enclosure by rather steep slopes, since these 
have been replaced by fattish ones, This means that when precipttation 
occurs, the surface run-off is lessened with a corresponding gain to infiltration. 

(197) R, Grapmann, Das Schichtstufenland, 2.G_E. 1919, p. 113. 

(198) E, Sctiry, Zur Morphologie der schwabisch-frankischen Stufenland- 
échaft. Forsch. deutsch. Landes- und Vollekunde, XVI, Heft 4, p, 365, 
Stuttgart 1gog, Just as little consequent in this sense is the drainage system 
of the Roth-Brenz, diverted by the Kocher. Its origin preceded the curving 
out of the scarplands. Since that began, i.c. since the main lines of the drainage 
net found occasion for more intense downcutting, faferal branches of the Roth- 
Rrenxz (which apparently was not captured by the Kocher till Pleistocene 
times) have progressively penetrated the intervalley masses and are sll doing 
a0. Meanwhile, on the summits of these, there developed and continue to 
develop the peneplanes (above the Stubensandstein scarp and the Lins scarp) 
with their own special dramage net. “To some extent these lateral branches 
follow the direction of the main entrenched streams from which they arose, 
and $0 run against the slope of the scarpland peneplanes which were being 
formed in the meantime. Their penetration into the foundation of these does 
not follow the line of the valley troughs which genetically belong tw the pene- 
planes, but those of their own less decply sunken earlier stages. 

(199) W. Bounnannr, Zur Oberflichengestaltung und Geologie Deutsch- 
Ostafrikas. Berlin 1900, capecially pp. 27, 74. E. Oust, Das abflisalose Rump#- 
échollenland im nord-Osterlichen Deutach-Ostatrikas, Mitt, Hamiurg, peogr 
Gesellsch. XXIX, 1915. W. M. Davis, Observations in South Africa: B. GS S.A. 
XVII, 1906, p. 377. 5, Passancr, Die Kalahari, Berlin 1904. The same, Die 
Inselberglandschaften j it tropischen Afrika, Nat.-tiss.. Wochenschr. 1ge4, p. 
657. A large part of the extensive literature has been listed by B. Onst, P.M. 
LX (1), 1914, p. 177 

(200) This state of affairs is considered to be expressed by the term ‘Reat- 
berg’, introduced by A. Supan (Grundsiige der piyvsicchen Erdkunde, 5. Aufl, 
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rit, p. 685; a5 well as in Davis-Braun, Phystographie 1, 1915, p. 44 and 
elsewhere), Later Suran spoke of “Rumpfrestbergen’ and Ost (T'enmino- 
logie und Klassifikation der Berge, PAL. 1914, p. 245) of “Rumpfbergen’. We 
keep to the striking, purely descriptive expression ‘Inselberg’, understanding 
by at elevations bounded by denudation surfaces, and rising isolated above the 
farther denuded surroundings. We do not associate it with any interpretation, 
especially none us regards the character of the rock (stratified or massive, with 
disturbed or Hat bedding, having a greater or less resistance to denudation). 
In the course of the investigation it will become quite evident that inselbergs 
are a form-type belonging to waning development; they do not appear at all 
with any other kind of development. 

(201) S. Passance at firat supported the hypothesis that peneplanca were 
due to denudation by the wind; but later he gave it up. In view of the slaw 
action of aeolian denudation it was necessary to assume a long desert period 
during the Mesozoic era within which the African inselberg landscapes were 
thonght to have ornginated (Rumpfflichen und Inselberge. 2.0.6.0. 1904, 
LVI, Monatsber. p, 193; the same: Physiologische Morphologie, Mitt, geogr. 
Gerlich, Hamburg XXV1, 1912, p. 133, especially p. 179 ffs also (), Hecker, 
4.D.G.G LVI, 1905, p. 075). Later W. M, Davis (Die erkidrende Reschrei- 
bung der Londformen, 1912, p, 766) and Em, Kavene (Lehrbuch der allvemeinen 
Gealogir, 5. Aufl. 1918, p, 2838 and p. 578) amongst others seriqusly considered 
the idea of aeolian planation of the land. C. Keyes, dispensing with any closer 
investigation of the processes of denudation in arid regions and of denudatian 
surfaces themselves, put forward the thesis that in auch areas denudation by 
wind surpassed, in its force and significance, all other denudational processes 
taken together, in spite of the fact that in the Basin Ranges 2s elsewhere the 
nature and arrangement of these surfaces, the way in which they slope in a 
constant direction towards their base levels of erosion contradicts, in a per- 
fectly unambiguotis manner, the notion that denudation by wind takes-even 
a noticeable share in the work (Erosional origin of Great Basin Ranges. 7.G. 
AVI, no. 1, 1909, p. 31)..F. FE, Sess followed this up by ascribing to wind 
action such superionty over erosion and other processes of denudation, as 
regards its power of peneplanation, that he considers times when the climate 
was humid to be tunes when denudation was retarded and hindered, as com- 
pared with what happened in periods of aridity (Zur Deutung der Vertikal- 
bewegungen der Festliinder und Meere. GR. XI, 1921, Heft 7-8, pp. 372 ff, 
especially p: 374). Actual observation, on the other hand, teaches us quite 
otherwise, Denudation by wind, where its activity 1s not exceeded by that of 
streamlets, leads to just the opposite result from planation of the land. This 
has been convincingly expounded by H, Cioos (Der Erongo. Setir. Erforseh. 
deutsch. Sehutageluete, Heft 17, especially p. 218 and following, Berlin 1919) 
and E. Katsrr for the Namily of south-west Africa, onc of the only two places 
on earth where it has so far been proved with certainty that denudation by 
wind has had «share in shaping the major land forms. It is seen as a matter of 
course and a necessary result, when one studies the long series of observations 
that have been made on denudational processes in arid regions, and especia ly 
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those on the nature and connection of the slopes and ther untform inclination 
toroards the base levels of erosion. These, in and lands, are to be found in the 
tectonically formed depressions, which are usually basins of interior drainage. 
These slopes can be formed only by such gravitational streams as cling to the 
surface of the land, and they prove that even in the desert the activity of 
occasionally flowing streamlets and the effects of mass-movement far surpass 
the denudational activity of wind (see pp. 24 [ 717} und 45), 

(zoz) E. Kaenxen, Ober den Bau der Inselberge Ostafrikas, Nat.-coiss 
Wochenschr. XTX, no, 24, 1920, p. 373. See also the following illustrations: §. 
Passance, Siidafrika, Leipzig 1908, the upper illustration of the plate opposite 
p. 55, and plates opposite pp. 112, 272; also K. assert, Beitrige sur Landes- 
kunde der Grashochlander Nordwestkameruna I, Mitfetl dentsch. Sehuts- 
gcbieten, Erg.-H. 13, Berlin 1917, illustrations 16, 19; F. JaecEr, Beitrige zur 
Lanieskunde von Deutsch-Sidwestafrika: Mitteil, deutsch. Schutsgebieten, 
Erg-H 15, Berlin 1921, illustrations 30, 33, 34; H. Coos, Der Erongo, doe. 
cit. [m, 113), plate TUL, ilkustration 1; plate V, illustrations 1, 2; plate VI, 
illustrations 1, 2; plate VIL, illustration 1; E. Ossr, Das abflasslose Rumpf- 
schollenland, joc. eit. [n. 199], illustration 19; K. Wavruen, Lineas funda- 
mentales de la estructura geoldégica de la Rep. O, del Uruguay, Reo, Inet. Nat. 
Agron,, Montevideo, 2nd ser., no. 3, 1919, plate 1, illustration 4; plate 3, ete. 

(203) This can also be followed excellently in the Scarplands, where there 
are valleys sunk in specially reaistant zones of Muschelkalk and Malm (e.2. 
the valley of the Kocher in Wiirttemberg, the valley of the Wiesent in the 
Franconian Jura). Below the break of gradient in the longitudinal profile 
(treated above), the sharply incised V-shaped valleys are narrow, steep and 
rocky; in the middle course they are wider with the gradient less, canyon-like, 
accompanied for long distances by walls of rock; in the lower course they 
become wide trough-valleys, the rocky walla of their flanks having become 
completely replaced by their basal slopes, These latter lead right up to the 
convexly curved tdge of the scurpland peneplane. ‘The ramifying lateral 
branches have the sitme character as that possessed by the main valley at the 
place where they join it; ic. along these debouching into the lower course of 
the main valley, the three sections repeat themselves upstream: trough-valley, 
canyon, rocky, sharply incised V-shaped valley. Naturally only this last is 
developed for the whole region of the upper course of the main stream, ‘This 
arrangement shows that the eroding portion, which now works at the upper 
ends of the entrenched valley system, has successively passed along all parts of 
the river—first of all the lower course which it left behind it longer ago than 
the middle course through which it passed only later, 

(204) Compare the description of the valleys of the Erongo by H. CLoos 
(loc. et. [m. 113]), On a small scale the Erongo, which is perhaps the best 
known inselberg, affords an excellent opportunity for following the increase 
in density of the valley net, the disintegration of the intervalley spurs into 
inselbergs of a lesser order of magnitude, and their demolition—in short, the 
Whole course of waning development. 

(205) ‘This still holds true at the present day, without any reservations, for 
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the inaelberg landscape of southern Uruguay, draining to the Atlantic Ocean, 
as well a3 for those of Africa with their interior drainage. On the relatively 
narrow strip of German south-west Africa sloping towards the Atlantic 
Ocean, typical inselberg landscapes are undergoing more recent dissection, of 
post-Lpper Cretaceous age (F. Jascen, for. ett, [n. 202]), According to H. 
Cio0s (loc, cit. [n. 113]), this becomes noticeable us far as the neighbourhood 
‘of the Erongo, taking the form of isolated erosion furrows which are sunk in 
the peneplane that, over wide stretches, is still completely intact, 

(206) H. Sretumann, Zentralbl, Min. ust, 1903, p. 747. 

(207) The similarity in composition between many inselbergs and their 
peneplanated surroundings, especially in the East African examples, has been 
stressed several times (F. Jaecen, Geographische Forschungen im abfluss- 
losen Gebiet yon Deutech-Ostafrika, Veri. 18: Dewtscher Geographentap zu 
Innsbruck, Berlin 1912, p. 26. The same: Das Hochland der Riesenkrater, ete., 
Mitterl. deutsch. Schutsgetneten, Exg.-H.4. Berlin 1911; Erg.-H.8, 1913. E. 
Qsst, Vorliufige Berichte I-IV der Ostafrika-Expedition, /Mitteil. geogr. 
Gesellich. Hamburg ig1i-13. A. Houmes, The precambrian and associated. 
rocks of the district of Mozambique. 0.7,G_5. LXAXLYV, 1919, no. 293, p. 34, 

etc.), Closer i investigation usually shows that amongst the inselbergs examin 

monadnocks of resistant rock are the exception rather than the rule. This 
statement of their nature as resistant monadnocks is generally based on a 
vicious circle, auch as A, Herrnen has already deprecated (Die Oherfidchen- 
formen des Festlandes, Leipzig 1921, p. 134). Amongst other examples are most 
of the domes that rise above the peneplanes found on the summits of the 
German Highlands, such as Feldberg in the Black Forest, the Brocken in the 
Harz, Ochsenkopf-Schneeberg in the Fichtelgebirge, Fichtelberg in the Erz- 
gebirge etc. Their existence has absolutely nothing to do with the properties 
‘of the rocks; it is by the very absence of such a connection that they are to be 
distinguished from neighbouring resistant monadnocks which are associated 
with certain types of rock, and with them only (in the Harz, for example, 
definite parts of the metamorphic schists enwrapping the granite, or the 
Devonian quartzite), Felidberg and its surroundings consist of the same 
paragneisses, the Fichtelpebirge granite takes es great a share in the build of 
the insclbergs as in that of the surrounding pencplane, and the granite of the 
Brocken constitutes the heights as Well os the adjoining parts of the pene- 
plane. The granite boss of ‘Thale lies completely below this. We shall return 
to this group of phenomena and its interpretation. [Section on the Harz, pp. 
197 if.] 

(z08) K. Wattuem, Liness fundamentales, foc, ct; P,P, Raven, Nordwest- 
amazonia, Dissertation, Miinchen 1919; F. Katztr, Grimisilge der Gealogie des 
wnteren Amasonaspelirtes, Leipzig 1903. 

(209) Dar Gesetsz der Waistentildung, 2. Aufl. Leipzig 1912, p. 217. 

(210) In addition to the authors named, see F. 'Thormecne, Die Inselberg- 
landschaft von Nord-Tikar, Breslau iga1, p. arg (#tedl/ linderhuneliche 
Aufsdtze von Schilern A. Hettners threm Lehrer sum fo. Geburgstag) and F. 
Brnzenp, Uber die Entstehung der Inselberge und Steilstufen, besonders in 
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Afrika, und die Erhaltung ihrer Form, 7.D.G.G. 1928, Monatsber, no, 8-12, 
P: 54. Both come to the conclusion that the inselbergs have certainly arisen 
under present day climatic conditions, The great importance of rainwash as 
well as of the retreat of steep slope units has not escaped BeHnenn in parti- 
cular, and he quite nghtly points out that the steep scarps at the edges of the 
rift valley in East and Central Africa need not necessarily coincide any longer 
with the fault lines along which they originated, but that they may have 
receded. It is not therefore permissible to conclude without further investipra~ 
tion—as is often done—that steep scarps are fault scarps. "The decision as to 
whether a-feature is a fault scarp or a denudation scarp (ic. a valley slope 
which has receded) can be made only from detailed geological investigations 
which so far are lacking for that region. 

(211) A. Herren, Die Oherfldchenformen des Festlandes, lac. cit. [m.. 9), p- 22. 

(212) G. L. Cortes, Plateau of British East Africa, B.G.S.4. XXII, 
1912, p: 2y7. 

(213) Besides the official German map 1: 100,000 (sheet nos. 335-337, 
360-362), a good idea of the country can be obtained from the Héhenrchichten- 
Rarte des Harzes 1 : 100,000, published by the Prussian Geological Survey, in 
connection with the geological Ohernichtskarte of the aame scale by K, A. 
Losses. For what is-to follow, see especially sheet Zellerfeld and Harzburg of 
Prussian geological Speaialkarte 1 = 25,000. 

(214) In the higher parts of the Harz there are at least three Jeveli of the 

(@) that of the peneplane which, close to the central mountainland, is some- 
what over boo metres above sea level, and sinks very gradually eastwards to 
an average height of about 500 metres in the region between Thuile and Stol- 
berg. The level plateaus to the cast are probably not a direct continuation of 
the same peneplane but represent a lower peneplane level. Conclusive observa- 
tions on this point are lacking. 

(4) The second main level rises towards the Hrocken from about 750 metres 
to an average altitude of 850 metres. It is especially well developed south and 
west of the highest parts of the country. The lower elevations of the central 
mountainiand belong to it, They extend as bmad, extremely flat plateaux 
which contrast sharply with the steeper slopes leading tw the surrounding 
peneplanc, as well as with those of the greater elevation rising above it. Here, 
undoubtedly, it isa matter of fragments all belonging to a flattish relief which 
surrounded the highest parts of the country in the same Way aa it is itself 
surrounded by the lower peneplane. Valley dissection lias long been causing 
its progressive separation from this peneplane, 

(¢) The highest level that can be distinguished js formed by the Brocken 
and its neighbours, in so far as they project above the goo metre datum line. 

(215) Where, however, higher projecting parts of the country arise from a 
peneplane, the concave slopes reach right up to the intervalley divides, pro- 
vided these do not have on them still older flattish forms belonging to a higher 
level They then intersect in sharpened creats.on which. in g region of granite, 
tors are superimposed as relics of steeper slope units. 
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(216) Itomust be stressed here that these breaks of gradient are in no way 
connected with resistant types of rock. /n addition to the breaks of gradient, 
which are completely independent of the nature of the rocks, there are others 
obviously conditioned by the occurrence of strong types of rock. Breaks of 
gradient of the first kind have a corresponding arrangement as regards the 
relative altitade of analogous ateps and their number, for valleys which are 
similar in origin, The second type is bound up with local conditions and does 
not fit inte the system. 

(217) The official German map 1: 100,000, sheet nos, 533 Ais S13- 514, 

1, 467-468, 491-492, in connection with the geological Obersichtskarte 
by C. W. G0smes for the Bavarian 1 : 100,000, sheets XI and XII, and that 
of H. Crepnea for 1: 250,000 of Saxony, are adequate for this survey. For 
the districts in Prussia.and Saxony the geological Spezralharten 1: 25,000 are 
‘available. For what is to follow, see especially the following sheets: Gradabt. 
at, shects'5, 11, 12, 16, 17, 18, 21, 22, 23, 24, 27, 28, 33, 34, of the Prussian 
Spestulkarte and sheets 133, 134, 142 of the Saxon Spesialkarie. 

(218) ‘Thus the ters of the Fichtelgebirge—also within the granitic region— 
are connected not only with a definite and closely demarcated zone which en- 
circles the highest elevations, but also with an accordant level: Haberstein 
869 metres, Burgstein 8go m,, Platte 883 m., Rudolfstein $66 m., Waldatein 
878 m. These tors are’set on the top of the intervalley divides of the P, 
surface. Outside the zone of tors there is no clear indication that a higher 
projecting mountainland ever occupied the place of the P, surface which 
stretches out very much further. The character of an end-peneplane can be 
ascribed with certainty only to the parts adjoining the highest clevations. For 
2 lower level of tors, see note 220. 

(219) Their lay-out makes it possible to distinguish differences of age: the 
older ones start from the P, surface—to be discussed presently; the younger 
ones from the valleys sunk in that surface. They are steeper, have stretches of 
greater erosional intensity than their precursors, and where they reach up- 
wards into the track of these, the side branches possess a broken, on the whole 
convex, longitudinal profile. This is the case, amongst other examples, on the 
east flank of Schneeberg, up to which there reach directly not only the P, 
surface, but also the incised course of the Rislau. 

(220) ‘The tors of this dower devel are not set on the intervalley divides of the 
P, surface, but are cut out from its main mass, and crown the intervalley ndgea 
of the P, surface, ‘The highest tors of this lower level thus lie just belote the Py 
‘surface (Matzen 814 metres, Epprechatein 797 m.) and the lowest just above 
that of P,, and so at about yoo m. At various places the concave slopes nsing 
fram the P, surface lead wp to the tors of the higher level, so that it looks as if 
they belonged genetically to them (Grosser Waldstein, Rudolfstein). This is 
hot the case, as can casily be seen at Burgstein and Haberstein near Wunsiedel. 
Adjoining the tors, there are sill, on the one side, flattish slope fragments of 
the P, level, belonging to them, and on the other steep, younger concave 
slapes reaching up from lower altitudes. 

(221) The P, surface is bordered above and below by zones similar to those 
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for the P, surface; thus, like the latter, it belongs to the same class, and ts a full 
member of the piedmont stairway. This makes it certain that most of those parts 
lying outside the zone of tors and definitely outside its peripheral continuation 
—which has since disappeared—are no end-peneplanes but are of the nature 
of the P, surface or the Harz peneplane. It can no longer be directly estab- 
lished that the same holds for the P, surface, but it may be deduced from 
general considerations which will be investigated later. 

(222) See sheets Gefell and Lissau (Gradadt. 71, nos. 34 and 23) of the 
Prussian geological Spesialkerte and sheets Haven and Plauen-Pausa (nos, 
133, 142) of the Saxon geological Spesialkarte. 

(223) See sheets Pérmitz, Zeulenrode, Naitschau of the Prussian Spestal- 
karte (Gradabt. 71, nos. 21, 22, 27), All statements as-to direction ‘north’, 
‘northwards’, etc., are to be understood in a general and notin a special sense, 
a# also in the preceding and following remarks, 'The-starements as to altitude 
ure the average values for the heights of the intervalley divides. 

(224) Sheets Weida, ‘T'riptis and Waltersdorf of the Prussian geological 
Spestatharte (Gradabt, 71, nos. 16, 17, 18). 

(225) These deposits transgressing over the Elster valley have only recently 
been recognised as belonging to the Lower Oligocene. ‘The older surveys still 
give them as early Pleistocene gravels and sand. See sheets Weida, Nuitschau, 
Greiz of the Prussian geological Spesialkarte (Gradabt. 71, nea. 17; 23, 24) 
and Plaven-Pausa, ‘Treuen-Herlasgriin, Plauen-(isnitz of the Saxon gealo- 
gical Speztalkurte (nos. 133, 134, 142). 

(226) In the latitude of Plauen the floor of the old valley’lies about roo 
metres lower than the divides between the wpper courses and headwater branches 
of the valley net belonging to the P, surface, where it enters the next higher 
step north-west of Plawen. This difference in height is no greater than is found 
on an undulating peneplane at the edge of higher country. Towards the north 
it ia reduced to about fo m. above Weida. The transgression of the Oligocene 
naturally did not reach as far south or as high up in the region of the divides 
between the main valleys as in the main valleys themselves. In addition, the 
superposed Oligocene has since been considerably denuded in the parts away 
from the main valley. Both these conditions lead to the result thar foday the 
southernmost relics of the transgression are found on the peneplane itself ata 
level about 50-60 m. lower and only 45 kilometres further north than within 
the main valley itself, 

(227) FE. Pair: was the first to recognise the date of ongin and general 
character of the landscapes under consideration (Ober die prioligoziine 
Landoberfliche in Thiiringen, 7.D.G.G. LXII, 1910, p. 405); and with him— 
‘although he thought that it was a matter of 4 single uniform pencplane—one 
can call the land surface generally pre-Oligocene, It js Wrong to ascribe an 
Oligocene age to it, as-H. Rassmus, led by general considerations, has done 
(4ur Morphologie des nordwestiichen B&hmen, Z.G_F. [903, p. 35). Closer 
investigation of the morphological relationships and eapecially of the arrange- 
ment, bedding and factes of the Lower Oligocene would very aoon have brought 
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to light the error of that determination of age; but it would also in particular 
have destroyed the assumption that it was a srg/e peneplane which once—as 
G. Baaus considered a possible generalisation—extended over the whole of 
the Central German Rise as o uniform “Germanic peneplain’* (Deutschland, 
Berlin 1916, p. 18). This reconstruction finds no support from actual observa- 
tion. 

(228) On some of these valley floors away from the Saale valley, fhuviatile 
deposits of great antiquity occur, Thus near Gritenbruck, south-west af Hof, 
a thick soil profile is to be found on the top of the deeply weathered gneiss. 
The higher loamy horizons pass into sandy loamy beds with interspersed 
pebbles and rounded blocks of local rock material (quartz, gneiss, quartzite 
schist, serpentine), This intimate combination with the soil profile, and its 
restriction toa valley floor of the T, stage, make it very unlikely that the 
deposits belong to the Pleistocene period. 

(229) In this respect the contrast with the upper course regions, e.g. near 
Seulbite or Sparneck, is impressive. Here the convex slopes of the younger 
side branches fall quite ito the background; and concavity dominates the sets 
of land forms seen on the summits and in the valleys, just as in the zones near 
Hof, which are above the younger incisions. The stages of greater deepening 
have apparently not yet eaten back into the above-mentioned upper reaches 
of the Saale, but there the river still flows in a valley of the T, stage, 

[229a Probably W. Penck: Die Picdmontiliichen des sidliches Schwarz- 
waldes. 2.G.E. 1925, pp. 81-108] 

(230) A further mdication of the existence of intermediate levels seems to 
be that, in the tmmediate neighbourhood of the elevations still showing the 
P, surface, tors appear, crowning the intervalley ndges of the P, surface. They 
seem in reality to be remains of an intermediate level; for it is difficult to see 
how the highest eminences could have, in one place, already completely suc- 
cumbed to waning development, whilst those in the closest proximity are still 
very far from having done so. Transitional stages of development are not met 
with, 

(231) For the proof of their existence and the elucidation of the general 
conditions of their formation ace W, Penck, Op, 16 and Op, 17, 

(242) See the geological Chersichtekarte of Saxony 1 : 250,000 (H. Cuen- 
NER); and for what follows the geological Spesilharte of Saxony 1 > 25,000, 
sheets 4, 13, 25, 29, 435 44, 50, 60. 

(233) See sheets Colditz and Grimma, nos. 44 and 28 of the Saxon geolo- 
gical Spesilkaric. 

(234) In addition to white pebbles from the Lower Oligocene gravela 
remains of white clays and sands are significant, more particularly- the so- 
called Anollensteine, gigantic blocks of quartzite (coneretionary indurated 
sand), which are found in them. So is the kaolmisation of the quartz porphyry, 
which i restricted to the zones lying undermnewth the Lower Oligocene and 
attains a thickness of several metres at the bottoms of the pre-Oligocene 
valleys, a3 well as a perfect degree [of kaoliniaation] (sagear clays). | 

* Rumpfebene 
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(235) See sheets Wurzen and Thallwitz, nos, 4 and 13 of the Saxon geolo- 
gical Spesialkarte. 

(236) Thus in the Hohburger Mountains, the northernmost group of inael- 
bergs in the highland sections considered, one finds above the valleys of the 
Py level (about 120-130 metres) the inte fiate lewel at 150-160 m,; and 
between this and the highest inselbergs, belonging to the P, level (average 
altitude 230 m.), other inselbergs, the flattish summits of which are at about 
zoom, The latter obviously belong to yet another intermediate level, 

(237) See sheets Tanneberg, Wilsdruff, Freiberg and Tharandt, nos, 64, 
65, 80, 81 of the Saxon geological Spezialkarte, 

(238) For-example, under the basalt of the Landsberg, As in the more 
western section, 80 also east of the Granulitgebirge, the P, surface rises from 
north to south. In the latitude of the Granulitgebirge, its intervalley ridges are 
at an average height of 300~q20 m. (the same altitude as is found at the same 
latitude in the region of the 2wickau trough); southwards, they rise very 
gradually to goo m. (region: Langhennersdori—north of Freiberg) and 
slightly over 510 m. south of Freiberg: sce sheets 67-65, 79-81, and g8—100 of 
the Saxon geological Spezialkarte. 

(239) Eriduternngen cu Blatt Freiberg-Langhennersdorf by A, Saven and A. 

, Lerz, 2. Aufl, by C, GAnsrt, Leipzig 1906, pp. 37-38. 

(240) Sheets Brand and Lichtenberg, nos. 98, 99 of the Saxon geological 
Spesialharte. At the acarp, the intervalley divides of the P, level lic at a mean 
altitude of 510-320 m., those of the higher level at about 570 m., bearing 
island-like clevations rising to 620 m. 

(z41) F. Kossmat, Ohersicht der Geologie von Sachsen, Leipzig 1g16. K. 
Pierzscu, Eriduterungen zu Blatt Prrna, 2. Aufl., Leipzig, p. 69 and elsewhere. 

(zgz) O. v. Lexsrow, Untersuchungen tiber den Beginn der grossen 
Kreidetrangression in Deutschland. Jahrb, preuss. gseolog. Landesanst, XXRUK, 
Teil 1, Heft I, Berlin 1919, p. 1- 

(243) J. Wricens, Die mitteloligozine Mecrestransgression usw, Sicin- 
brueh, Heft 17, Berlin 1922. 

(244) From the way in which the sedimentation of the continental Tertiary 
beds ends off, Th. True (Die Bildung der Braunkohlenfléze im Senften- 
berger Revier. Braunkohle 1920, no. 44) deduced the setting in of instantaneous 
sudden subsidences following on preceding slow secular aubsidences. If this 
is replaced simply by ‘increase in intensity of subsidence’, it may in fact pro- 
vide an explanation for the strikingly similar development of the facies which 
is to be found in every profile of the continental Lower Oligocene, See ulso R. 
Lane, Die Entsteheung von Braunkohle und Kaolin im ‘Tertiir Mittel- 
deutschlunds, Erdmann, Jahrb, Halleschen Verb. Evforseh. mitteldeutschen 
Bodenschdtze usm., Heft 2, p. 65. 

(245) Part of the relevant literature is to be found collected-in Cl. Lesnine, 
Tektonische Forechungen in den Appalachien LL,GL8. V, Heft &,p. §11, 1915. 

(246) B. Witis, Round about Asheville. Nat, Geer, Mag. I, 1889, p. 291. 
W, M. Davis, The geological dates of origin of certain topographic forms on 
the Avantic slope of the U.S. B.G Sol. TT, p. 645, 181, 
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(247) See illustrations: L. C. Guns, Prof. paper 72, Washington 1911, 
: (248) W. MM. Davis, The triassic formation of Connecticut. Ann, Rep, 18, 
CS. peal, Surv, | 

(249) An exceptionally fine illustration in L. C. Gunn, doe. eit. [n. 247], 

late 18, 
: (250) From Lesuine's account one gets the impression that in New York 
there is an intermediate level, the Highlands, between the piedmont flar and 
the Cretaceous peneplane. : 

(251) Of course, this cannot be said positively, so long as the under surface. 
of the Miocene transgression has not heen more closely investigated, The 
overstepping of a complex of beds an ta a peneplane stil] does not determine 
the geological period of its origin. Here | am having in mind the Lower 
Oligocene transgression in Saxony. 

(252) C, W, Haves and M. R. Campset.t, Geomorphology of the Southern 
Appalachians. Nat. geogr.. May. V1, 1894, p. 63. Both authors believe that 
they cin establish several axes of doming, of the nature of anticlinal axes, 

(253) H. Revscx, Betrachtungen fiber das Relief von Norwegen, G.Z, TX, 


1907, /p. 425. 

(aka) i W. AlLMANN, Geomorphological studies in Norway. Geowrafirka 
Annaler 1919, Heft 1-2. A. G. Hécaom, Ober die norwegische Kilsten- 
plattiorm, Bull. grol, Jnstn, Uner. Upsala XU, 1977, p. 41. 

(255) We are here disregarding the cases in which peneplanes have not 
heen proved to be present, but merely assumed to be so from theoretical con- 
siderations. Thus G. Braun thought he could recognise a post-Miocene pene- 
plane in the plane tangential to the summits of the north facing slope of the 
northern Apennines (this would stand in the relationship of a piedmant fat to 
the High Apennines rising above it). He supposed that its continuation was to 
be found in the extremely hummocky under surface of the transgressing 
Pliecene, As evidence, he points to some platcau-like heights in the southern 
parts of the above-mentioned slope, interpreting these as remnant3—though 
scanty ones—of a peneplane which he conceived to have been widely extended, 
but practically destroyed by the present valley dissection. Further, the clay 
and marl facies of the Pliocene strata is brought forward as implying a planated 
area to the south from which it ongimated, Le. the peneplane, with streams 
which were not eroding. The first point, however, merely indicates that in the 
northern Apennines there occur well-marked forms of waxing development; 
and the facies of marine Pliocene depends not only upon the altitudinal condi- 
tions of the catchment basin, but also upon its petrographical composition 
and the distance, at that period, of the surfaces that were being eroded from 
the places where the rivers entered the sea (and so depends on the length of 
the praded reaches), Also, the Pliocene at the northern edge of the Apennines 
ia by no means devoid of thick intercalations of coarse clastic material, as 
Braun himself mentions (Beitrage zur Morphologie des nérdlichen Apennin, 
G22, 1go7, nos, 7-8). H. vy, Starr's hypothesis that the present summit level 
of the Alps is a Pliocene peneplane ts even less well founded; it has already 
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been proved wrong in its essential points, at any rate as regards the Eastern 
Alps (Morphogenic der Priglaziallandschaft in den westlichen Schweizer 
Alpen. 2.D,.G.G, 1912, p. 1). 

(256) A. Heim, Geologie der Schweiz, Bd. 01, p. 69, Leipzig 1919: 

(257) A. Pesce, Die Gipfelflur der Alpen. Sitz.-Ber. preuss, Akad. Wiss. 
Berlin 1919, XVII, p. 296. 

(258) O. Amprexer, Ober die Bohrung yon Rum bei Hall in Tirol. Jahrb. 
geolog, Staatsanst, Wien 1921, LXXI, Heft 1-2, p..71.—A. Pexck and E, 
Batckern, Die Alpen im Eiszeitalter, Leipzig igo1-1g09, p. rog8.—kK. 
OsstaeicH, Ein alpines Ldingstal zur Tertiirzeit. Fahrd, geal. R.-A. Wien 1899, 
p. 165.—N. Kerns, Die nirdlicher Alpen zwischen Enns, Traisen und Miirz. 
Geogr. Abh, VIII, Heft 2, 1903.—H. Horer, Das Miozinbecken be: Leoben. 
Geolog. Filirer, IX. CLR Cong. mf. Géol, Wien 1993, V.—An excellent Survey, 
supplemented by fresh observations, in N. Kress, Landerkunde der dsterreich, 
Alpen. Bibl. geogr, Handbiicher, Srattgart 1913. 

(259) A. Penck und E. Batcxnme, Die Alpen im EFiszeitalter| loc. cit, [n. 
258], p. 286 and elsewhere.—A. Pencx, Dic Entstehung der Alpen. Z.G.E. 
1908, p. 5 (see especially p, 15),—A critical discussion of the different views 
an the pre-glacial aspect of the Alps has been given by H. Laurensacu 
(Z.G.E. 1913, p. 1). 

(260) H. Hess saw in these pre-glacial elements trough shoulders belonging 
to the Gdnz and Mindel Ice Ages, an interpretation which has remained un- 
supported and is not in accordance with the results of the detailed investiga- 
tion by A. Pence, E. Baficener, H. Lavrersacn, E. de Marronne, W. 
Kittan and others. See the discussion by H. Lavrensacn, who also compiled 
the relevant literature (2.G.£..1913, p. 1). The relationships between form 
and arrangement, set our above, make H. Hess’ view untenable (Die pra- 
giaziale Alpenobertlache. P.Af, LIX, 1913, p. 281). The illustrations pub- 
lished in this show excellently both the convex profiles of the ridge xones, with 
the subordinate concave interruptions in the profile (piates 47, 48) and also 
the lower slopes of the intervalley divides, bounded by sharply convex curves, 
which belong to a longitudinal valley zone (Rhone valley, plates 45, 46). 

(261) Emme Frage der Talbildung. Bibl. geogr, Handbiicher, Stuttgart 1978. 
Festhand Albr, Penck, p. 66. 

(262) WaLTHes Pence, Op. 17, p. 71. "The change of facies does not take 
place steadily but, just like the cycles of sedimentation, in progressive periods, 
a partial phenomenon to which we shall refer later; see the facies profile in 
Alb. Hem, Geologre der Schwerz, Leipzig, 1916, Bd. 1, p. 65. 

(263) As to the form of the longitudinal profile of the pre-glacial valleys, no 
direct conclusion can be drawn from observation, since naturally the valley 
floors experienced, and show, the strongest glacial action. A, Pence, E. 
Balicanen (Die Alpen tm Eisseitalter, loc. cit, [n. 25$]) and H. Lavrensacnt 
(Die Ubertiefung des Tessingebiets, Geogr, Abh., N.F. Heft 1, 1912) ascribed 
a graded longitudinal profile to the pre-glacial valley floors and referred the 
steps in trough valleys solely to erosion by Pleistocene ice, Indeed, H. 
Lavrensacn believed that he could recognise the edges and upper ends of 
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fluviatile V-shaped valleys, worked over by ice, in the shoulders and heads of 
glacial troughs. During interglacial periods, rivers would have cut into steps 
previously produced by overdeepening, and have eaten back along the sections 
of valley lying above these. This interpretation does not make the relationship 
quite clear between the shouider and the first trough to be sunk into the 
supposedly graded pre-glacial valley floor; and it fails as an explanation for the 
trough shoulders which continue above the terminal basin of the glacier. De 
Maxtonxe, Kowian and Distat also considered trough shoulders and trough 
heads to be wf Auviatile origin; but they make a similar assumption for the 
valley steps, since these are not always present where they should be found 
according to the theory of overdeepening. These writers put the fluviatile 
origin of those glacial forms back in pre-glacial times, thus ascribing to the 
pre-glacial valley floor an ungraded, broken, longitudinal profile (E. de 
Martonse, Sur la théorne mécanique de l'érosion gluciaire. C. R. Ale. Se. 

Paris CL, 1910, p. 135; also Ann. de Géogr. 1910, p. 259, 1911, p. 1 and else- 
where; W, Kian et M. Gionoux, C. A. ale. Se. Paris CLI, 19to, p; 1023; 
Bull. sere, carte géol, de France XX1, 1911, p. 25; L. Distat, Die Formen 
alpiner Hochtiler, ete. Landesk. Forsch, geogr. Gesellich, Miinchen. Heft 13 

1982; alao P.M, 1912, 1, p. 328). The question cannot here be pursued im 
greater detail. Merely this can be pointed out: not only are the convex slope 
profiles essential features of waxing development, but also the longitudinal 
valley profiles which are, in accordance with the rule, divided up by convex 
breaks of gradient working back up-valley. This rule has already been demon- 
strated for the German Highlands, and will Jater be proved in detail (see fig. 
13, p. 200), The division is brought about by the working up-valley, one after 
another and one above another, of eroding reaches with different degrees of 
steepness, At times they leave behind them a graded reach which, dissected by 
the next lower, backward-working break of gradient, may be preserved for a 
while us a ferrace with a naturally graded longitudinal profile. The evidence of 
waxing development in the Alps makes it impossible not to draw the conclu- 
sion that the Pleistocene glaciers found stepped valley floors, stepped in their 
longitudinal profiles by the steeper, backward-working erosional reaches, and 
in the transverse profile by terraces, each with a gentle, graded longitudinal 
slope. 1 consider it probable that the steps of overdeepening are to be associ- 

ated with such breaks of gradient in the pre-glacial valley floors (accentuating 
them), and certain that the trough shoulders ure the margins of terraces which 
have been worked over and remodelled by the ice, But this is far from denying 
that some shoulders and heads of glacial troughs have in fact been denved 
from the edges of the sharp interglacial V-shaped valleys which, during the 
ice-free periods; cut back into the steps of overdeepening that were already 
present. But one must be on one's guard against taking pre-glacial terraces for 
valley floors which the Pleistocene glaciers found and used, and concluding 
from the graded course of the terraces that there was a similar grading of the 
glacier Hoor, Should no tectonic deformations have occurred, the pre-glacial 
terraces continue in the same way as far as, or close to, the neighbourhood 
cds the general base level of erosion at the mountain edge; and there, as 
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basins. 


(264) Geologre der Sehicers, 1919, Band 11, pp. 66-71. 

(265) N. Keeps was the frst to draw attention to the plateau flats, or 

plateau regions, and their independence of the fold structure (Die nérdlichen 
Alpen zwischen Enns, Traisen und Miirz, foe. cit, [m. 258]). For further 
detailed investigation we have to thank G, Gérzrncer (Geomorphologie der 
Lainzer Seen und ihres Gebictes. fntern, Revue Hydrobiol. Hydrogr. Leipzig 
i913), F. Macnatscues (Verehnungsiliichen und junge Krustenbewegungen 
im alpinen Gebirgsystem. “.G.2, 1916, no. 9, p. 602; no, 10, p. 673) attempted 
an analysis of the crustal movements with their help. We are unable to apree 
with the results, They are influenced by the earlier, generally accepted, but 
crronedus postulate, according to which forms of mieccliuer relief, or pene- 
planes (these being considered as the final result of denudation on u stationary 
block), can arise only in periods of tectonic rest. This is not in harmony with 
the fact that plateau landscapes came into existence just at a time of active 
crustal movements, 
_ (266) G. Gorzincer, Lunzer Seen, loc. cit, [n. 265]; the same: Zur Frage 
des Alters der Oberfliichenformen der datlichen Kalkhochalpen. Mittetl, &:&. 
geogr. Gerellech, Wien 1913, Heft 1-2, p. 49. Weitere neve Funde von Augen- 
steinen auf den detlichen Kalkhochalpen plateaus. Merk, kk, geol. R.-A, Wien 
1973, p. 61, and 1915, no, 14, p. 272. 

(267) F. Macnatscnen, Verebnungsflichen wsw., loc. eft. [n. 265], p60. 

(268) Lumser Seen,, lor. crt. [n. 265], p. 20 and elsewhere. 

(269) F. F. Hans, Geologie dea oberen Saalachgebictes ewiachen Lofer 
und Diesbachral. Fulirh. kk. geol. RA, Wien, LXII1, 1913, p. 1 (especially 
pp- 19-24). Asa third and highest level there occur the sometimes plateau-like 
summits which, on the plateaux of the High Alpine zone, rise several hundred 
metres above the valley bottoms (e.g; Hoher Gall, Tennengebirge, 200-2500 
mi). HAtn traces this altitudinal position to the westward directed crossfold- 
ing at the end of the Oligocene, It would be better to say: the continued up- 
ward movement of the Alps und their individual parts, which brought. the 
plateau regiona to great altitudes, and led te their being broken up by deep 
valleys, steeply incised, was not without horizantal com ponents which, at the 
end of the Oligocene, Were directed westwards. 

_ (270) TH. Hassincen, Gcomorphologische Untersuchungen aus dem Wiener 
Becken und seinem RKandgebirge, Geopr, Ab. VIL, Heft 3. 1905.—G. 
GOTZINGER, loc. cif, [n, 265].—N. Kress places the origin and development of 
the plateau country between Oligocene and the second Mediterranean stage 
(Ldnderkunde der Osterreich. Alpen, loc: cit, [n. 258), p: 40): but in his recent 
work he considers these raised beaches of the Vienna Basin to be Mediter- 
ranean and not as late as Pontion (2.6.24, 1914, nO. 4, Pp. 234). 

(271) In attempting to give u date, the following points must be bome in 
slopes lead up to a definite average steepness, taking into account only the 
pre-placial slopes. Occasionally these very steep slope units have already met in 
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sharp elges. But often above them the slopes curve convesly again te produce 
rounded forms, and even plateau surfaces at a higher level (see note 269), a 
witness to waxing having preceded waning development. The dating may 
thus refer to two periods of time: to that of waxing development, continuing 
till the steepest slope units found anywhere along the course of the down- 
cutting streams had been produced; and to the succeeding period of waning 
development, lasting till dissection of the plateau began. ‘This involved the 
final separation of its set of land forms from their former base level of erosion; 
and since then any further happenings have been only in the. direction. of 
waning development. It was probably in the Lower Miocene, if not earlier, 
that the plateau dissection commenced, As 9 first rough approximation, we 
may put the onset of waning development, ic. the completion of the valley 
avaterns pectilisr to the plateaus, in the Oligocene. In any case, it becomes 
evident thar the developmental history of the plateau regions of the High 
Alps, traces of which are to beobserved in the forms of waxing development, 
must reach far back into early Tertiary times. 

(272) Landerkunde der Osterreich. Alpen, loc, eit. [n. 258), p. 39. 

(273) This dating is completely uncertain, and has apparently been put.at 
too high a honzon in the late Tertiary. See E. Brickner, Die Alpen om 
Fusettalter, loc, at, [n, 255], p. 992. 

(274) For orientation see F, Kossmat, Die adrintische Umrandung in der 

alpinen Paltenregion. Witteil. geal, Gerellch. Wien 1913, p. 61 (with geol. 
bernichisharte), the geol. Spezialau/aaienen by F. KossMat t: 75,000, BI. 

Tolmein (Z. 2t, K.1X) and Bischollack-[dria (Z%. 21, K, X) and FL Kosamar’s 
accounts in Merk, 4.4. peoloe, R~4. Wien 1908, p, 81, 1909, p. 85. 

(275) F. Kossmat, Die morphologische Entwicklung der Gebirge im 
[zonzo- und oberen Save-gehiet. Z.G_E. 1916, no, g-10, p. 645. 

(274) F. Kossmat, Geologie des Wocheiner Tunnels. Denkschr. math.-nat. 
Al. Akad. Wass, Wien, LX XXII, 1907, p- 41. 

(277) N. Krens, Dic Halbinsel Istrien. Geogr. b4., Wien 1907, LX, 2.— 
F. Kossmat, Der kistentiindische Hochkarst und seine tektonische Strellung, 
Verh, kk. Geolog. R.-A. Wien tog, no. 4-5, p. 85. (p. 116 ff). The same: 
ZG, Berlin 1916, no, 9-16, pp. 35 ff. See the profile in N. Kanes, fdineder- 
kuinade der Orterreich. Alpen, loc. cit, [n. 258], p. 42. For the following, consult 
the geological Spemalaufnahmen 1:75,000 drawn up by G. Stacue and F. 
Koesmar; Sheets Gore (7. 22, K. 1X), Triest (Z. 23, K. IX), Adelaberg (2. 22, 
K. X). Sheet Sessuna (7, 23, K. X) & topographical only. 

(278) Loe, att. [n, 277], p. $2. F. Tener, Eriduterungen sur peoloe, Karte 
Ls 75,000, Sheet Rohitsch-Drachenburg (4. 21, K. XII). Wien ros. 

279) See sheet Cilli und Ratschach of the geolog, Spesialhkarte 1: 75,000 
(4.22, K. X11), [Wien]. 

(280) F, Tevio, Geolog: Spestalkarte 1: 75,000, Sheet Eisenkappel und 
Kanker (2. 20, K. X1) and sheet Prossberg (4. 20, KR. AT); Erlauterwngen sur 
geolog. Karte Eirenkappel und Ranker. Wicn 1695. 

(282) Here this is the surface which the lacustrine Upper Oligocene (Sotzka 
beds) found and covered over. Its distribution does not comcile with that of 
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the marine Middle Oligocene, but it transgresses over denudational remains 
of this: and over wide areas it extends directly on to the older substratum 
(Trias, Palaeoxoics} from which these had already been removed. 

(252) E. Batickner, Dre Afpen im iszeitaiter, Bd. 111, 1909, p. 1037.—A. 
Gaunp, Die Entstehung und Geschichte des Adriatisches Meeres, Geogr. 
Fahresher. aus Osterreich V1, Wien 1907. Die Oberfkichenformen des Dinari- 
schen Gebirges, 76.5. 1908, p. 465 (pp. 479 ff.).—N. Kaess, Die Halbinse! 
Istrien, foc. cit. [n. 277). Vetbogene Verebnungsfiichen in Istrien. Geogr, 
FJahresber. aus Osterreich WV, Wien 1906, p. 75.—F. Kossmar, Der kisten- 
indische Hochkarst, etc., foc. eft. [n. 277], p. zt. 

(283) A. Gruxp, Die Karsthydmegraphic, Geogr. Ahh. VU, Heft 3, Leipzig 
1903, Beitrige zur Morphologic des Dinarischen Gebirges, loc. ett, [m. 165), 
pp. 1964f, Cyipié alao describes the finger-like penetration of the lower aur- 
feces into the higher lands which again ure topped by peneplanes (J. Cviyic, 

und Dislozierung der Dinarischen Rumpffliche. P.M. 190g, Heft 
VI, VII, VITT); but in the end he considered them all to be parts of a single, 
oaifoen peneplane. 

(284) J. Cviyié, foc. ett, [m. 283]. According to the information so far ob- 
tained, the peneplanes and piedmont benchlands on the individual ranges of 
the Dinaric Mountains, which are divided from each other by synclinal zones 
(with series of polyes, and often also with longitudinal faulea) have little or 
nothing at al! to de with one another. They seem in every case to be peculiar 
to the chains. on which they occur. The sume thing has been noticed in the 
tectonic and morphological continuation of the Dinarids in the western 
Taurus, Here, a3 in other regions of broad folds, it is not a uniform peneplane, 
noreven an ancient uniform set of land forma, warped into undulations in 
such @ fashion that they extend into the floors of the broad synclincs—in 
which faults or overthrusts may ultimately appear; but the form asancigtions 
on the ranges came inte existence wlulst these were rising, and are therefore 
confined to them, Their geological equivalents are to be found within the 
broad synclines: as form associations of 2 diticrent type, or as correlated 
deposits [see glossary]. One might assume analogous conditions for the 
Dinaric Mountains; yet it is not possible to form an opinion so long aa views 
differ ao widely not only as to the interpretation of the features, but even as.to 
their characteristics. 

(285) Good illustrations of the peneplanes, piedmont benchlands, and 
inselbergs of the Dinaric Mountains may be found, amongst other places, in 
J. Cviré (P.M, 1909, loc. eit, [n_ 283], plate 13), A, Gauxp (G.Z.E, 1908, 
illustrations 99-104), O. Mautt. (Geogr. Jakresber, Osterr, X1, plates 11, 111). 

(286) Where the substratum is impermeable, the piccimont flat persists in 
its function of local base level of erosion for the eroding reaches working back 
it, even though it becomes itself dissected by valleys. This holds until 
his same function is taken over by the convex breaks of gradient which form 
the upper ends of the new eroding sections (those dissecting the piedmont 
flat), and migrate upstream with them, Important differences occur in the 
Karst. The process which gives rise to the dissection of a piedmont flat— 
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uplift—also produces a relative lowering of the ground water level; and where 
the terrain is limestone, this leads to a disappearance of the streams. Whole 
valley courses thus become functionless and further normal dissection of the 
higher-rsing land is impeded, In this way earlier conditions of valley dissec- 
tion become, as it were, fixed, and for a long time remain pretty well intact— 
see, for exatnple, the high valleys of Cepovan, Godowitsch, Radek, ete., 
described by F. Kossmar, all presumably of Pontian age (2.G.E. 1916, nos. 
g-io, pp. 650 ff.). They last until obliterated by the formation of dolines, a 
process of dissection which then replaces fluviatile erosion (see the progressive 
dissection by doline stairways of the high-lying limestone areas which rise up 
in the western Taurus: W. Pence, Op. 10). 

(287) A. Penck, Geomorphologische Studien aus der Herzegowina. 
Zeaitschr. d. und 6 Alpen-Vereiny XXXI, 1900, p. 25-—O. Mautt, Geo- 
morphologische Studien aus Mitteldalmatien. Geagr. Jalwerber, aus Osterreich 





(288) A. Atanen, Jahrb. geol. R-A, Wien LXVI, 1916, p. 293. A. 
WinkLen, Mitte. geolag. Gesellsch. Wien LI-IV, rg, p. 256.—J. SOLcH, 
Verk. 18, deutsch. Geagraphentag Innsbruck, t9td, p. 215 —H. SLaNnar 
Mittedl. kk, geogr. Gesellich, Wien, 1916, p. 28: —H. Monn, Geologie der 
Wechselbahn, Denkschr. kk. Akad, Wiss, Wien, math.-nat. Kl. LXXXI.— 
F. Macatsenex, Z.G_E. 1916, no. 9, p. 602 (pp. 608 ff,).—E, de MARTONNE, 
Bull, géogr.-histor, deser., 0. 3, 1911, p. 357 (pp- 495 tH. ), ete. 

(289) A. Aroner, foe. crt. [n. 288], considers the ald flattish form assecia- 
tions on the mountainous-margin of the embayment of Graz to be of Phocene 
age (Pontian), But the valleys had already been invaded by lacustrine Lower 
Miocene! Further investigation is necessary. 

(290) Apart from the fact that, offer things being equal, the old farm asso- 
ciations on the limestone intervalley divides are more likely to be preserved 
‘than on impermeable material. 

(291) Established by F. Kossmar for sheet Stein 1 : 25,000 (oral informa- 
tion), Part of the basal transgressive formations of the Lower Miocene on 
sheet Cilli-Ratachach (F, Teter, Joc. cit. [n. 275] might also probably be 
marine Aquitanian (purt of the lower Nullipore limestone). 

(292) Amongst the works named see especially; W. Petrasctiek, Verh, Ri. 
yeol. R.-A. Wien, 1915, Heft 17-18, p. 310.—-]. SOLCH, Das: Grazer Hiigel- 
land, Sitz.-Ber, Akad. Wiss. Wien math.-nat. KL CXXX, Heft #-9, 1921, p. 
265.—A. Winker, Falirb, geolog. Staate-Anst. Wien, LXXI, 1921, Heft 1-2, 
p. 1; idem. 1913, LXE, p. 617 and elsewhere.—V. FInen, Das ‘Tertiirgebict 
um Graz. Jahrb, kk. geolag. R,-A. Wien, 1893; mem. 1894, XLIV, p. 359.— 
R. Hoaxes, Baw wnd Bild der Ebenen Osterreiche. Leipzig 1903- 

(293) WALTHER Pesce, Op. to. 

(294) P. Orrennem, Das Neogen in Kleinasicn. 2.0.G.G. LXX, 1915, p. 
1. My earlier view, that the youngest divisions of the Neogene generally belong 
to the Levantine stage, does not seem to be correct. 

(295) [t ia also because of this that the Neogene, which throughout 
pousesses cither a shallow water (marine, brackish or lacustrine) or a fuviatile 
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haracter, also attains an cxeerdingly great thickness. From this, A. 
Prtrrson, who published momerous individual observations on the facies 
and bedding of the "Vertiary, had already deduced deposition on a sinking 
substratum (Reisen und Forschungen im westlichen Kleinasien, P.M. Erg.- 
Hefte 167, 172, 177, 180, 183, 1910-15), 

(296) ‘The assumption that the Anatolian broad folds might have arisen by 
compression from outside (W, Pence, Op, 10, p. 116) is erroneous, and has 
already been withdrawn as untenable on other grounds (W. Pence, Op. 16, 
P! 345, note 2). 

(297) The same relutionship has been éstublished in the north of the 
Argentine Pampean sterras on approaching the Puna de Atacama (W, Pencx, 
Op. 16), and 13,23 ] have stressed elsewhere, the fundamental mechanical 
feature for the development of this kind of faulting (Geol, Zentralbl. XXV, 
igzo-21, pp. 392 ff.). It sets in with increase in the intensity of the crustal 
movement, which leads to overstepping the limit of elasticity proper to the 
black that is being moved. Increase in amplitude is duc to similar causes. [n 
the Argentine, however, the depressions are not as a rule traversed by two 
longitudinal faults, but only by ones: They cannot here be called nft valleys 
(trough faulting), According to my observations, the sume thing holds for the 
longitudinal depressians of north-west Anatolia which, in spite of the faults, 
have by no means lost their synclinal character. A, Puuspeson, on the other 
hand, stresses the trough-faulted character of many depressions in western 
Asia Minor. Further investigation is required. | 

(298) See W. Pencx, Op. 10, pp. 21-42, profile on p. 26, Geol, map by A. 
PHILIFPSON 1 ; 300,000, sheet 2 (PA, Erg.-Heft 1913). 

(299) The western Pleistocene corrics are sunk in this set of slopes. 

(300) This is the case particularly in the western part of the “upper terrace’. 
Thus-two levels are present: on the broad divides between the minor valleys 
there are flattish form associations, widespread fragments of the piedmont 
surface, and the level of the flat floors themselves scarcely 100 metres lower. 
At the headwaters of the valleys, both levels almost or quite merge into one 
another (here the peneplane has no sharp V-shaped incisions, or merely slight 
suggestions of them); on the other hand they comterge downwards towards the 
edge of the “upper terrace’ (coincidence of both levels at the point where the 
minot valleys issue on to it, e.g. in the western section of the ‘upper terrace’). 
In between fies the zone of the strongest downcutting, where V-shaped 
valleys, often still narrow, arc enclosed by low, steep convex slopes. It follows 
indubitably from this thar dissection is still continuing, that it has a modern 
character. Some of the minor valleys are of pre-Pleistocenc origin (glacial 
modification is to be seen near Kirkbunar, corries being sunk into the slopes 
in the district east of it), others are younger; all have portions where down= 
cutting is active at the present dav. But—and here is the essential point—this 
finds its lower surface of reference, not at the mountain foot, but more than 
1o00 metres higher at the edge of the ‘upper terrace’ or close below it, The 
minor valleva are not parts of the steep relief, which is similar in nature 
(though its altitudinal differences are immensely greater) and reaches up fram 
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the foot of the mountain chain into ita Hanks; but they end high above it. Ina 
word, they are nothing but the result of the still persisting deformation of the 
piedmont surface and of the steepening thus produced. 

(701) W. Pencx, Op, 10, p. 36 and elsewhere. 

(302) W. Penck, Op. ro, pp. 163 fF 

(303) Adti delle See, Toscana di Sc, nat, 1X, Pisa 1894-95, Proc. verb., p. 
141. 

(304) This is a pure assumption. For the present all attempts-at dating in 
this area are still utterly uncertain. ‘There are, however, adequate grounds for 
ascribing a post-Levantine age to surface IH (which | had distinguished, 
together with the central mountainland (1), as “Relief I’) A. Patcirrsow has 
pointed this out (Zur morphologischen Karte des westlichen Kleitiwaten. 
PAL. 19ze, p. 197); but, on the other hand, he has overlooked the fact that I 
did not discover anything corresponding to the conhguration of piedmont 
surface [1 in the coarse basal conglomerates of the Neogene on the south aide 
of Olympus. These were rather to be correlated with contemporaneous clis- 
section of the mountainland rising above. This even today strews coarse 
granite blocks over the ‘upper terrace’ lying in front of it, and right away from 
the Pleistocene cotries, My previous identification in date of surface TT with 
the Levantine peneplane in Thrace, rested partly on the fundamental error 
that similarity of form, which signifies merely similar development, was taken 
to mean contemporancous development, as t% customarily done (A. Pittiaipr- 
son also adopts this usage in the work just quoted). To assume a parallel 
development in age for peneplanes, or other form associations of a similar 
kind, occurring on different ranges, ts absolutely inudmissable, even if they 
have similar or exactly the same altitudes, unless their similarity in age has 
been proved sfratigraphically. It is possible, but by no means certainly estab- 
lished, that the peneplanc (corresponding to surface 111) which can be traced 
at least fragmentarily in all the Anatolian depressions and cuts across the 
Neogene filling, isa uniform formation, since in several places it has been 
found to pass over without interruption from one depression to another; and 
according to Puitirrson it also passes over into the peneplane of Inner Ana- 
tolia, which occupies the same position over the Neogene beds, there bat little 
distorted. In every case thia undoubted primary peneplane signifies a change 
from deposition to denudation in the broad syntlines and central basins of 
sedimentation as well. It is a change which naturally cannot owe its origin to 
athe broad folding, but which is due to the regional uplift of the whole system 
of broad folda (W. Pence, Op. 10, pp. 35, 116, and elsewhere), 

(305) W. Pewck, Op. 10, pp. 15-21. 

(306) R.A. Day, The accordance of summit levels among alpine moun- 
tains. 7.G. XIII, no, 2, 1905.—A. Pence, Die Gipfelffur der Alpen, foe. er. 
[n, 10], pp. 257 Hf. 

(307) On the south side of the Gulf of Gemlik (somewhere between the 
Kuvakli liman and the mouth of the Susurlu) the Neogene dips aniformly 
northwards towards the sea, to emerge again on the north side of the drowned 
broad avneline with an equally regular southward dip (island of Emir Ali 
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[Imrali}). Here, in the thick beds of sandy conglomerates, I collected Drei- 
sens of presumably Pontian age. Work still remains to be done. 

(308) Quite often the gipfelfiur condition has not been reached. Instead, 
over witkt areas, there are still—between the sharply sunk V-shaped erosion 
valleys—old flattish form associations. "I"hese immediately five one an insight 
into the fact that there has been abrupt anticlinal warping. (Op. 16, pp. 19, 
72, ete.) 

(39) Oral communication. 

(310) Grundlinien der Geographic und Geologie von Mazedonien und 
Altserbren. PLAY, Erg.-Bd. XXXIV, Heft 162, 1908, pp. 85-86, 167, 185; 434. 

(311) Georgr, dhhy. X, Heft 3, Leipzig 1921. 

(312) See note 284. The longitudinal depressions between the Dinane 
chains were originally, i.c. during their formation, also areas of deposition, 
even if not to the same extent as in Anatolia. Oligocene, early and late Mio- 
cene, perhaps even Lower Pliocene, basin deposits have been recognised in 
them, In the majority of cases, those broad synclines have (as in Anatolia) 
later become arcas of denudation. Peneplanes, acting as piedmont flats for the 
ranges on either sidé, extend over their floors and over the superimposed 
Tertiary, Here, series of polyes are sunk in the peneplanes of the broad syn- 
clines, and are analogous to the river valleys in Anatolia. They are a apecies of 
dissection which owes its development and its peculiar features to the special 
denudational proceases that occur in the Karst, but fundamentally their cauaa- 
ton 18 no different from the valley dissection of the Anatolian depressions, 
Here, os there, the sequence of phenomena: sedimentation—primary. pene- 
plane—downceutting or karsting (polyes) as the case may be, signitics the onset 
and the ifensification of the causes leading to the destructive invasion of the 
region of subsidence by meteoric waters. Here, as there, these causes have 
originated from the broad folding, on account of which the synclines sink with 
respect to the anticlines. For that, naturally, would not promote downecutting. 
[f anything, it could only impede it, so Jeading rather to lateral erosion or to 
deposition in the depressions. Any consequences af broad folding would 
appear a8 an interruption of that outstanding process of development which is 
known from observation. The (Pliocene?) gravels occasionally transeressing 
over surface [1 (and its analogous Anatolian surfaces), the present deposition 
and lake formation at the bortom of the zones of denudation within the Ana- 
tolian depressions, the stabilisation of some of the polye lakes in the Lycian 
Taurus, may be cited here. The progressive dissection of the depressions by 
streams, and the equivalent f polye formation can, on the other hand, be in- 
duced only by progressive uplift of the whole broad fold system. Obviously 
this applies to the Dinaric Mountains as well as to Asia Minor. 

(313) G. K. Grunent, Geographical and geological explorations and surveys 
sr of the one hundredth meridian, Washington 1874, and Vol. LI, Geology, 
1273 

(314) G. K. Grcarert, Lake Bonneville, US. Geol, Surv. Monogr. 1, 1890; 
—I_C, Russet, Geological history of Lake Lahontan, cte:, (/_S. Geol, Sure. 
Monogr. 1, 1885.—A. C. Lawson, The recent fault scarps at Genoa, Nevada. 
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Bull, Seismological Soc. Am. U, no. 3, 1912, p- 193-— A. Kwore, A geological 
reconnaissance of the Inyo range and the eastern slope of the southern Sierra 
Nevada, Cal, US, geol, Surv, prof. Pap. tro, 1918 and elsewhere. 

(315) W. M, Dave, The Mountain ranges of the Great Basin. Bull, Mus. 
comparat. Zoology, XLII, 1903, p. 129. The Wasatch, Canyon anid House 
ranges, Utah, Jind. X1.TX, 1905, p, 15. Even when using the cycle theory for 
the morphological treatment of the question, it is obvious that the decisive 
geological premise is whether the faults are actually present. Davis takes therm 
for granted, adducing # evidence a feature already used by the earliest in- 
vestigators of the Basin Ranges (see 5. F. Cunwans, Report of the Geological 
Survey of the Fortieth Paraliel, 1. Desoript. Geol,, Washington 1977, p. 345)- 
‘Today, too, it is pretty generally accepted as a direct indication, free from all 
ambiguity, of the faulted nature of the mountain edges, when other methods, 
geological and incontrovertable, cannot be used. This feature is the simple 
straight line course of the mountain foot, ic. the boundary between the zones 
of denudation and deposition; the way in which this line runs, independent of 
the mountain structure; and the steep drop of the mountain side towarda it. 
Yet this group of features proves nothing at all, The base of the mountain in 
the above definition ia the outcrop of the lower surface of the youngest of the 
correlated strata, It is an unconformity, the outcrop of which is, of course, 
likewise independent of the mountain structure, It can intersect the strike of 
the mountain at any angle whatsoever, in the same way as it intersects the 
exposure of any other older and more or less distorted unconformity, Nor 
could recent deposits be: expected to border on the base of the range any 
differently from the way in which the older correlated layers border on the 
folded or otherwise disturbed sedimentary strata of the mountain mass, viz, by 
abutting against the upper surface of the layers upon wihich—beneath the 
present surface—they are superposed, ‘These unconformities at the edge of 
growing ranges, particularly the older ones, exhibit a graded form, i.c, they 
are almost level. Continued arching of the range naturally leads to varying 
degrees of tilting of the unconformity or, in more general terms, of that part 
of the mountain flank which, through the downwarping as it becomes covered 
by the accumulating material, corresponds to such an unconformity. The foot 
of the range then possesses—like many steeply arched broad anticlines which 
are entirely unfaulted in their structure—a simple straight course against 
which the steep relief of the flexed mountain flank rests, provided that there 
are the requisite general causes for producing steep relief (and note that these 
have nothing in the least to do with fault dislocation). Thus, by themselves, 
the above mentioned features in no way possess the value of a-clear cut proof 
that the mountain mass is bordered by anything in the nature of a fault. 

(316) ‘Thorough geological surveys have brought home the unreliability of 
these morphological characteristics, even to observers who were otherwise 
perfectly convinced of their validity as a tectonic proof (of dislocation by 
faulting). Thus A. Ksorr (loc. eit. [n. 314]) attempts to deduce the trough- 
faulted mature of Owens Valley and the neighbouring depressions, as W. 
Laxponen had done before him (Tertiary gravels of the Sierra Nevada of 
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California. U.S. geal. Surv, pruf. Pap. 74, 1911) from the steep dirop of the 
ranges. that enclose it (Sierra Nevada in the west, Invo Range in the east}, and 
from the facetted spurs along the foot of cach, But he finds that the ‘steep 
drop’ of the Sierra Nevada is a slope having a maximum inclination of 25°, 
characterised by a roughly dissected steep relief. He takes it to be the out- 
cropping of the marginal fault, since that steep relicf meets the gentle farms 
of medium relief, on the summit of the range, in a sharp break of gradient. 
Herein lies the great illusion, to which very many observers in other places 
have even more thoroughly succumbed, which causes the stecp forms (of 
vigorous downeutting) found on a slope to be taken for the steepness of the 
slope iteclf, ‘The sume kind of steep drop, where steep relief below is linked 
to medium relief forms above, occurs on the flanks of broad folds where it has 
been proved that they have been formed without faulting (see, for example, 
illustration 6 and the profiles belonging to itin WaLTHER Pexcn, Op. 16, and 
for the same region illustrations 7-8 in Wattner Pencx, Topographische 
Autnahmen am Sitdrand der Puna de Atacama. Z.G_E. 1918, no. 56, p. 193). 
Further, the facets which, too, Kxorr considered to he undoubted fault sur- 
faces, have shown themselves to be quite w fickle characteristic, absent where 
faults could be stratigraphically proved, appearing where they could not be 
established, visille along the mountain foot forshort stretches with lang inter- 


ruptions, and penetrating into valleys (loc. cit. (n. 314), pp. 75, 88, 89, plate 
XV, A). Asa result, Knorr considers Owens Valley to be a fault-trough, but 
he admits that the marginal faults can only be surmised, not discovered (toe, 
al,, p. 80), On the other hand, there are recent faults present in the alluvium 
near the middle of the depression, 

(317) Examine, for instance, the profiles drawn to scale on plate [X and pp. 
102, 293 in WaLTHER Pence, Op. 16, and the illustrations 1, 16, 22, 29 helang- 
Ing to them, as well as illustration 1, plate 1 in Geologiiche Charakterbilder, 
Heft 24, 1921, which morphologically show nothing of the strike faults that 
traverse the section illustrated by the picture. Similarly with plate I] and the 
profile an p. 58 in A. Knorr, Inyo range, Joc. rit. [n. 924], and elaewhere. 

(398) C, King, Report of the Geological Surcey of the Fortieth Parallel, U1, 
Mining Industry, Washington 1870, and I, Systematic Gealopy, 1878. 

(319) JG. XX1, 1913, p-273. 

(320) See, amongst others, the profiles by G, D. Lounmrnack through the 
Humbolt Lake Mountains (A,G.5S.A. XV, tgo4, p. 269). Outside the Basin 
Ranges proper we may mention the broad anticline af the Bighorn Mountains 
(N. H_Danton, U.S. geal. Sure, prof, Pap. 51, Washington 1906), 

(321) A general idea of the geology is given by the geological map of the 
Argentine Republic 11,000,000 of L, Baackrntsct (Gotha 1891, Arctar 
dled, Nac. Ciencias Cordoba, V1), See also the short discussion by H, Gear 
(Dit pampinen Sierren Zentralargentiniens. G.R. IV, Heft 8, 1913, p- 577) 
aml the more recetit supplements by H. Rasaatts (Mints, de Apricultura 
Direceiin General de Minas etc, Bol. 13, Sere B, Buenos Aires 1916), 

(322) Wattien Pesce, Op, 16. L, Buackeatscn had already assumed the, 
presence of hroad anticlines anid synelines in the ranges and depressiona, 
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(323) A. Sretanen, Beitrdge sur Geologie und Paldontulogie der Argentinischen 
Republik, 1. Kassel-Berlin 1885.—G, Bopesnenpme, La Sierra de Cordoba. 
Anales Minist. de Agricul. Seecitin Geologla, 1, no, 2. Buenos Aires 1905, 

(324) R. Benen gives illustrations of the greatest drops on the western side 
of the Sierra de Cordoba: Estudios gealogicds etc., Villa Dolores, Min. de 
7 .. Direcciin General de Minas etc., Bol, 14, Serie B, Buenos Aires 1916, 

plate IV, lower lustration, and plate V. 

(425) O. Scuauener, Apuntes geomorfologicos de la Sierra Grande de 
Cordoba. Bol. Ac. Nac. de Gienc, Cordoba, XXV, gat, p. 183, profile p. 189. 

(326) O, Scumirorr, foc, crt. [n. 925).—H. Geerit, loc, cil. [n. 422], p. 557. 
The same: Constitucién geldogica, hidrogeoldgica ete. de la Provincia de 
Luis, Analer Minist. Agricul, Secetin Geologla, X, no. 2, Buenos Aires 1914, 
p. 33-—H. Rassmus, La Sierra del Aconquija. Soe. Argentina de Ctenc, 
raturaler, Buenos Aires 1918.—E, Rimann, Estudio geoldgico de la Sierra 
Chica. Bol dead. Nae. de Ciene. Cordoba, XXII, 1918, p. 129. 

(327) WaLTurr Pence, Op. 16, pp. 137, 345. 

(328) Figs. 6, 8, 9 of E. Rimann's treatise show this as clearly as could be 
desired, 

(329) | am here following the information given by H, Scammenes, foc. cit. 
[n. 325], pp. 88-191. The general situation may be gathered from G, BopEN- 
BENDER'a small generalised geological map (loc. cit. [n..423]). 

(330) Their convex form and dlight average gradient can be recognised in 
illustration 3 of Scratmper's paper (loc. cit. [n. 325], p. 190}—in other respects 
the illustration is not very good; next to it, p. 191, isan inselberg belonging to 
the highest level. 

(331) G, Booennenpen, Constitucién geolégica de la parte meridional de 
La Rioja y Regiones limitrofes, Bal. Ae. Nac, de Cienc, Cordoba, 1911, XTX, 
Entr. 1, pp. 132 ff. 

tag) E. Rimann, foe. cat. [n. 326], p. 58. . 

(333) G, Bonensenner, La Sierra de Cordoba, foc. crt. [n. 323], ps 63. CF. 
the map. The Sierra dei Norte ia nota continuation of the Sierra Chica, but 
begins, with its trend along 4 more easterly mendian, approximately at the 
place where the Sierra Chica comes to an end northwards. ‘he ends of the 
two chains are separated from cach other by a depression. 

(334) Watrires Pancr, Op. 16, chap. [TV and V, 3, especially pp. 446- 

48 





348. 
(335) Wauctuer Pence, Op. 16, chap. IV. The basis for what follows is 
contained in chap. IL], 2-5 and chap, VI; see also the profile and the geolo- 
gical map 1 ; 200,000. | 
(336) An example of this type is the range which rises up from the basin of 
Tinogasta along the meridian of the Sterra de Fiambali, south of ‘Tinogasta 
itself, and continues along the western side of the longitudinal depression of 
Copacabana, through which the Rio Abaucan flows: (see the map by 
Brackeeuscitand WaLtHER Pence, Op. 16, pp. 18-19, sketch map p. rs). 
(337) lt must be borne in mind that the absolute amount of the limiting 
value must be very different for individual kinds of rock, since these reach 
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their maximum slope gradients, which normally cannot be exceeded, at very 
different angles of in¢lination, Such diversities are shown in illustrations 6 
(crystalline rocks) and 4 ((Cretaceous-Tertiary) in Wattner Pencx, Op. 14, 
plates 1 and 2. 

(338) The intensity of erosion is a function of the intensity of uplift. It 
increases with this so long as a limiting yaluc, dependent upon the amount 
of water available, has not been reached—it being assumed that the character 
of the rocks is the same. More details will be given in later sections. Further 
increase in the intensity of uplift will then no longer be counterbalanced hy 
an equally rapid sinking-in of the stream beds: but these are raised with the 
block, and so, In spite of the most intense downcutting, they are moved to 
greater absolute heights above sea level. This ugain naturally brings about an 
increase in the absolute altitude of the gipfelflur, though not of its relative 
height. 

(339) See illustration 29, WALTHER Pence, Op. 16. 

(340) UI is not everywhere present, since in several places the younger 
steep relief already alnits directly upon Il, The same is-true for Il, e.g. it is 
absent from the east side of the Tolar. Here relief types land II] are in direct 
contact, And this may be connected with the fact that ranges at this latitude 
donot drop to deep bolsons on both sides; but on the east they drop to a 

“secondary longitudinal depression which rises to a great altitude and 
in its upper parts a medium relief, as yet completely undissected (Lajas 
depression), Sec fig. 20 H. 

(341) Watriren Pence, Op, 16. 

(342) Wartier Pence, Op. 16, pp. 377 ff. p. 399. For the same feature in 
Anatolia see pp. 280-281 and Note 300, 

(343) W. Pence, Op, 16, pp. 200-202. 

(344) A glance at fig. 20 shows that the arrangement of form associations 
typical of type A 2 docs not occur at all on the older ranges (1). ‘The sections 
a, b, ¢ (fig. 20 B) across the Sierra de Fiambali have been so arranged that 
form types ever younger in origin are shown successively on the summits 
(1—-JI1), ‘The sections might just as well be transverse profiles through the 
highest parts of three chains of different ages, which originated one after 
another in the sequence a—+c, and have [taken] the same developmental 
direction as the Sierra de Fiambald. It is immediately evident that a cross 
section through the plunging end of the Sierra de Fiambald (c.g. at the position 
#) which would correspond to a section through one of the younpest ranges, 
has the form of fig. 20, A: and mot that of Az. 

(345) WacTHes Peso, Op. 16, chap, [11, 2-4, VI, 1. 

(346) See sections g-18 of the plate of profiles and the diagrammatic profile 
on p. 367, W. Pexcx, Op. 16, 

(347) Owing to the absence of fossils it ia not possible to determine exactly 
the age of the vast continental sequence of strata, We are here keeping to the 
age classification which in a wider connection has, up to the present, proved 
ta come nearest to the truth: Lower Calchaqui beda, only red and brown sand- 
stones; Upper Cretaceous; Upper Calchagui beds, sandstones transgressing 
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over conglomerates at the mountain edge: Lower ‘Tertiary Lower Puna beds; 
sandstones with pityoxylon and, at the edge of the ranges, thick beds of trans- 
pressing gravels: Middle Tertiary; Upper Puna beds, pebble-bearing sand- 
stones, gravels at the edge of the ranges: Upper Tertiary. 

(348) Ina traverse taken a little further south (latitude of 'Tinogasta) this 
transitional facies is missing. Obviously the sections of the Famatina chain 
that are concerned (C. Negro de los Andes) had already appeared by the 
Lower Tertiary, and there was a gap between them and the parts of the range, 
also very ald, at the edge of the Puna (C. Palca), a gap which was afterwards. 
hlled by the ‘Sterra Narvaez’, part of the range that arose later, 

(349) S¢e plate 26, illustration t, WatTHex Pencx: Hauptziige im Bau des 
Sildrandes der Puna de Atacama, N.Jahrd. Min, 8..B.XXXVIL, 1914, p. 643. 
The exposure of the surface that was unaffected by denudation of the strata 
above (re-exposed) is—at the place in the illustration as well as ¢lsewhere— 
associated with zonts of more powerful tilting. Wherever the surface and the 
bed above it are little inclined, it has not been bared by later denudation, but 
has-—like the bed above—been merely dissected. 

(35°) See the detailed observations on facies development and damming-up 
in WaLtiHEr Pencx, Op. 16, pp. 41 ff, Chap. IIT. 6, and pp. 389 ff. Here, too, 
features are reported which have to do with the thickness and facies of 
deposits, 28 influenced by the geological composition of the areas of supply. 
Since they are of a local nature, no account has been taken of them in the 
preceding pages. | = 

(351) All three between the Sierra de Fiambald and the Calchaqui valleys; 
see BRACKEDUSCH's map, 

(352) See plate 5, illustration 2, Geologitche Charakterbilder, Heft 24, 1921. 

(353) Geolopische Charakterbilder, Heft 24, plate 2, illustrations 2 and 4. 

(354) WaLtHen Pence, Op. 16, illustrations 3, 11; Geolagitche Charakier- 
bilder, Heft 24, plate 3, illustration 2, and plate 2, illustration 1. 

(355) See illustrations 3, 11, Op. 16, and Geolognehe Charakterbilder, Heft 
24, plate 7, 2. 

(356) Geologische Charakterbilder, Heft 24, plate 1, illustration 7, WALTHER 
Pence, Op. 16, illustrations g, 24. | 

(357) Itis similar in the case of the flanks, sometimes of considerable steep- 
ness, of the high ranges that originated earfirr, as e.g. the Nevados de la 
Laguna Blanca. A number of higher, majestic chains, originating later, rear up 
above the west side of this very old granitic chain. In contradistinction to the 
broad folds of the southern Puna, of the same age but lower, they are dissected 
by rocky steep relief into sharp jagged crests, between which there run deeply 
incised erosional valleys. Farther to the north of this system the superposed 
volcanic beds, still preserved there, make it evident that the rocky crests have 
been sculptured out of quite simple anticlines, and that the longitudinal valleys 
are sunk into similarly simple synclines. 

(355) Geologusche Churakterhilder, Heft 24, plate 4, illustration 4. For the 
geological conditions see WaLTHER Penck, Op. 16, pp. 72~73, 212-215, 300- 
302, 308-310. Illustration 3 shows the range at an acute angle to the strike, 
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The range west of the Chischuil depression belongs to the same: series, 
illustration 10. | 

(359) But it docs not show that denudation began only after the completion 
of the folding. Obviously the two were absolutely simultaneous. [tis therefore 
wrong, without further information, to conclude from a peneplane which 
extends over folded strata little older than itself, that it is of a later age than 
the folding. It is younger than the strata, but not younger than the deformation. 

(360) Mountain ranges of the Great Basin, doc. et. [n. 915], p. 742. 

(361) For literature, see Notes 127-131. 

(362) See A. Tare, Meine Tibeireise, 1914; for peneplanes (and piedmont 
flats) ancl their breaking up into convex intermediate formes: Band J, illustra- 
tions on plates $7, 60,67, 68, Band [1], plates 6, 16, 17; for steep forms of the 
highest central rriouininin tasicks Band 1, plates 54, 7o, Band II, plates 39, 
45, ctc. 

(363) See A. Tare, doc, cit, [n. 362], Band 11, plate 30. 

(364) See H. Stiuze, Geologische Studien im Gebiet des Rio Magdalena, 
vw. Aoenen-Festschrift, w9o7-—W. Smvers, 2.G.E, Geogr. Abh. TI, Heft I, 
1585 and elsewhere. 

(965) W. M. Davis, The mountain ringes of the Great Basin, for. ct, [n. 
315].—A. C, Lawson, Geomorphogeny of the upper Kern Basin, Cafformia 
Unio, Dept. Geology Ball. (11, No, 15, 1904, p. 291.—]. A. Rum, Geo- 
morphogeny of the Sicrra Nevada north-caat of Lake Tahoe, thd. VI, 1g11.— 
A. Kreorr, Inyo range and the eastern slope of the southerm Sierra Nevada, 
Cal, foc, ext, (n. 314), 

(366) A profile through the Sierra Nevada, etc. dm, geogr. Soc, Trans- 
contimental Excursion, Memorial Vol. 1915, p. 313. 

(367) U.S. geol, Surv. prof. Pap., no. 19, Washington 1993. 

(368) The Rocky Mountains also belong to this series. W. M. Davis, The 
Colorado Front Kange, Ann. Assoc. Aim. Geogr. I, 1912. 

(369) For the Pamirs ace KR. W. Pompeniy, Physiographic observations 
between Syr Darja-and Lake Kare Kul on the Pamir, in 1903. Carn, Inst. 
Pudl., no. 23, p. 122.—A,. ScuuLtz, Landeskundliche Forschungen im Pamir. 
Abh. Hamburger Kolonsalinst. XX XI, Series -C, 1916.—For the morphology 

of-the Tien Shan: M, Frimenicusex, Forschungsreise in den zentralen 
Tienschan, Mitte, geogr. Gesellsch, Hamburg KX, 1894.—R, W. Pussy, 
Physiography of central Asian deserts and oases. Carn. Init. Publ., no. 73. 
1908, p. 243._W. M. Davis, A journey across Turkestan, [4id., no, 26, 1905, 
p. 23.—E. Hontinaros, A geologic and physiographic reconnaissance in 
central Turkestan, Jiid., no, 23,.p, 159—H. Keidel, Ein Profil durch den 
nérdlichen Tienschan. AbA. hk. Bayr. Akad. Wiss. I KL XXII, Abt. 1, 
Miinchen 1906, p. 1, and N. 7. Min. B. B. XX11, 1906, p. 266.—K. Levens, 
Abh.k. Bayr. Akad. Wiss. 1 KIL XXY, p95, Munchen 1912.—F. Macuat- 
nee Der westliche ‘Tienschan, Pf. Erg.-Heft 176, 1912.—P; Grose, 
Der sidliche Tienschan, Geogr. Ab, X, Heft [, Leipzig 1914. See also the 
discussion of recent literature by F. Maciatscttex ((7.7. XX, Heft 5, ee 
1914, p. 257), the general account of the geology in K. Levens, Zent 
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Handbuch Regional. Geol. ¥, Abt. 7, Heidelberg tor7, and M. Farrmer- 
ICHEEN's topographical Uheisichisharte (4.G.8£, XXXTV, 1899). 

(370) B. Wintis, Research in China, Washington 1907.—F. MACHATSCHEE, 

ber epeirogenctische Bewepungen, Bibl, geogr, Handbicher, Fenthand 
Albrecht Penck, rg18, p.1 (18). 

(371) K. Levens thinks that they are always directed from the high-lying 
parts towards the depressions. GR. V, Heft 2, 1914, p. 84. 

(372) What MACHATSCHES cites In opposition to this ia irrelevant; it haa no 
connection with the principal issue, which cannot be settled by pointing to 
éxisting fuults—which nobody doubts if they have been proved to exist 
(Mitte. kA. geogr, Gerelich, Wien 1gt5, LVIN, Heft 7-8, pp. 308 ff.), It is, 
however, an entirely different question whether, as Groner thinks, the Tarim 
Busin and ‘Tien Shan as a whole represent fold clements, We confine the term 
broad folding to the elements which compose a system of ranges. 

(373) Les formes du relief dans I'Altai russe ete, Fennia, XL, no. 2, 
Helaingfors 1917. 

(374) E. Nowack, Zentralbl. Min. 1921, nos. 6-7, p. 175, 2.0.6.6, 
Berlin, 1.XLM1, 1920. Monatsber, no; 3-10, p. 241. G.R. XIT, Heft 1-2, 1ga2t, 
P+ 35: 

(375) Sce ilustrations 5 and 6-10 of the paper by Grand that has been 
quoted [n.373]. 

(376) G, A. F, nee Folded mountain chains ete, in the East 
Indian Archipelago. C, R. AUT intern, geological Congress, Toronto 1913, p. 
689. Modern deep sea aan the East Indian Archipelago, G.7, 1921, p.9s. 

(377) See the compilation by Macnatscurx, Uber epirogenetische Bewe- 


gungen, loc. eit. [, 370]. 
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SUMMARIES 
(4y K. C. B.) 
CHAPTER I 
INTRODUCTION 
1. NATURE OF THE PROBLEM 

Geomorphology® is the concern of both geography and geology, How- 
ever, its real significance is not so much the description and explanation 
of the visible land forms as the solution of problems of crustal movement 
—a matter of geology. The development of the forms is a problem of 
physics. lhe earth's surface separates the spheres of action of the internal 
(endogenetic) forces, expressed by crustal movement, and the external 
(exogenetic) ones causing denudation. The resultant land forms depend 


upon the relative intensities of these two sets of processes, which act in 
opposition to one another. 


2. BASIS, NATURE AND AIM 
OF MORPHOLOGICAL ANALYSIS 

The three elements concerned are internal or endogenetic processes, 
external or exogenetic processes, and the land forms developed from 
their interaction. 

Two exogenetic processes may be distinguished: weathering, or the 
preparation of rock material for removal: and the transport of this 
‘reduced’ material [W. Penck uses the term ‘Aufbereitung’, here trans- 
lated ‘reduction’, apparently to stress the idea that disintegration js 
preparatory to the next stage—as when an ore is ‘reduced’], Transport 
is brought about by the force of gravity, both when weathered material 
slips down by its own weight [what Penck calls ‘spontaneous’ move- 
ment], and when it is moved along by some outside agent such as water 
or ice. Denudation is the result of such removal, and is conditioned by 
the law of gravity. Differences of rock material or of climate merely 
modify the details of the processes. The study of soils has taught us 
much about the processes of weathering; but, though open to direct 

* Walther Penck never uses this term, 
355 
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observation, there has been little exact measurement of the movement of 
the ‘reduced’ material, 

Investigation of the denudational forms should include the strati- 
graphical relations of the deposits formed by the material that has been 
removed from them [what W. Penck terms the ‘correlated’ strata}. These 
throw light on the history of the denudation at the place in question. It 
must be borne in mind that the morphological features themselves do 
not conform to a single general law. ‘They are individual in character, 
being dependent also upon local crustal movements, 

Since direct observation can be made of exogencetic processes, and of 
land forms, it should be possible to deduce the course of the third ele- 
ment, the endogenetic processes, which cannot be seen (except in their 
by-products, earthquakes). Studies in morphology and tectonics sup- 
plement one another, and can be tised together to find out the causes of 
crustal movements, the main problem of general geology. 





3. CRITICAL SURVEY OF METHODS 
(a) Crete or Erosion 

Davis was the first to attempt the analysis of land forms from the 
point of view of development, using the method of deduction, All appli- 
cations of his concept of an erosion cycle, however, have been based 
upon the special case of a rapidly uplifted block which came to rest 
before its denudation began, Even opponents of the Davisian school of 
thought have done this. But the fact that deductions have se far all been 
made from an inadmissible premiss does not discredit deduction a6 a 
means of investigation. It is an essential, without which geomorphology 
cannot become an exact science. 


(6) RELATIONSHIP BETWEEN ENDOGENETIC AND ExoGENETIC 
» 7 

Earth sculpture depends upon the ratio of the intensity of endogenetic 
to that of exogenctic displacements of material. ‘The existence of any 
elevated land shows that the external activity has been less than the 
internal. Hence the resulting land forms must show the influence of 
crustal movement. ‘The rate of denudation increases with the gradient, 
and so usually with the height. Thus the ratio changes in favour of the 
exogenetic processes; and instead of an indefinite increase in altitude, 
conditions approach closer and closer to equilibrium. ‘Therefore in study- 
ing how denudational forms have arisen and developed, it is essential to 
find out the ratio of uplift to denudation, and how this has altered with 
time, Writers.on this subject have usually considered cases in which up- 
lift is taken as ended before denudation begins, A similar device is used 
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in school physics to obtain the resultant of processes acting concurrently. 
But this is permissible only if dealing with forces acting uniformly, i.e. 
producing equal results in successive units of time. It is not permissible 
in the case of uplift and denudation. 





(¢) THe DIFFERENTIAL METHOD 

If the simultaneously acting forces are not uniform, it is necessary to 
follow their course continuously, by infinitely small steps, Le. by the 
method of the differential calculus. Not one, but an infinite number of 
evolving series of forms may have led to any particular land form. The 
differential method must be used in working out the interdependence of 
crustal movements, erosion acting along a line, and denudation over a 
whole surface. 


(d) Paesent Meruop or APPROACH 

This will be the study of denudation and its preparatory processes, 
with the object of discovering what laws control it: Only those processes 
will be considered which are dependent upon the surface gradient, and 
so upon movement of the crust. Weathered material may move under 
the influence of gravity alone [what W. Penck terms ‘spontaneous’ 
movement] or with the help of moving agents. The movement of these 
latter may, like ocean currents, be due to differences of pressure, and so 
have no bearing upon crustal movement. Wind action may determine 
the base level of erosion for slopes draining to an inland basin, but it 
cannot excavate below the level of the water table; and so the resultant 
gradient is dependent upon climate, not crustal movement. Neither do 
the effects of moving ice give the desired information. Here the lower 
edpe depends upon the position of the snow-line (a matter of climate), 
and upon the mass of the ice stream, Uplift or depression alters the posi- 
tion of the mountain summits with relation to the snow-line, not of the 
snow-line in relation to sea-level. It is possible to decide whether the 
relative shift of this line is due to climatic change or to crustal move- 
ment; but not to deduce anything about the nature of the latter. Coastal 
development also lies outside the scope of this work. Even if eustatic 
movement can be excluded, evidence as to vertical displacement of the 
coast line tells only that there has been movement, when it began, and 
its direction—practically nothing about changes in intensity. In this it 
resembles stratigraphical evidence. Oscillations of sea-level must, how- 
ever, be given some consideration, since they affect the base level of 
erosion for running water, and so the modelling of the land by both 
denudation and ecoaisioe. 


SUMMARIES 
CHAPTER II 


THE EARTH'S CRUST 

For the detailed sculpturing of denudational forms, the determining 
factor is the rock, its cohesion being of great importance. [The author 
uses the term ‘rock conditions'—Gestemsverhdltnisse—to cover minera- 
logical properties, structure (e.g. divisional planes, porosity, cementa- 
tion, stages in metamorphosis) and bedding. For want of a better expres- 
sion, this is translated as the character of the rock wherever the term 
occurs in this book.) ‘This adaptation of form to the character of the rock 
must be carefully traced out before the part played by crustal movement 
can be distinguished, 

Tn addition to the dynamic side of endogenetic processes—the move- 
ment, there is the static side—the results. These comprise (a) the com- 
position of the crustal material, (6) its structure, and (c) its altitudinal 
form. 


1. COMPOSITION AND STRUCTURE OF THE CRUST 

Substructure and superstructure differ. Folding is the characteristic 
of the substructure. Increasing compression may put a limit to folding 
and Jead to metamorphism, such as is found in the depths of fold-belts. 
[The author does not use the term Metamorphose or metamor piusche Ges- 
tetne though he here writes of Umprdgung—teconstitution.| The material 
is predominantly siliceous, consisting of reassorted sedimentary material 
and of igneous rocks, Vast areas of substructure are visible at the earth's 
surface, since the superstructure, of unfolded strata, forms an incomplete 
cover, much having been removed by denudation, What remains is 
largely composed of the chemically stable end-products of weathering. 

In Archaean times, no part of the earth's surface seems to have 
escaped folding. With each recurrence of this, the affected parts have 
been successively narrowed, so that the most recent zone of folding con- 
sists merely of two curved strips, the Pacific belt and the Mediterranean 
belt. ‘lhe areas withdrawn from folding form ngid continental masses, 
and here the superstructure rests undisturbed upon the metamorphosed 
and now stable substructure. But within the fold-belts, the lower parts 
of the superstructure, folded to incompetence, become part of the sub- 
structure. ‘This remains unstable, capable of sinking to form further 
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geosynelines. But the rigid continental masses grow at the expense of the 
zones of instability. 


z, THE AL'TITUDINAL FORM OF THE EARTH'S CRUST: 
HOW IT 15 BUILT UP 

There are two major types of relief: (1) the simple relief formed by 
warping of the stable regions, and (2) the very varied relief, based on 
mountain chains and elongated depressions, found in the two zones of 
instability. 

In the stable continental areas, the youngest folded structures are of 
late Palaeozoic age, The continental upwarpings usually cut across them. 
Even when they show mountain features at the present day, these are 
unconnected with the folding, being due to comparatively recent arching 
(e.g. the Appalachians and the Urals). In the zones of instability, the 
mountain relief and the lines of folding do coincide. For the European- 
Himalayan belt it was possible to uphold the concept that the folding 
caused the uplift. But for the Pacific fold lines of the two Americas, such 
a causal connection cannot be maintained. Two sets of facts provide 
evidence against the view that the uplift was produced by the folding. 
(1) Intensity of folding by no means always corresponds with mountain 
relief, In several places (¢.g. the Dinaric Alps, the western Taurus 
Mountains and western Argentina) transgressing strata pass from con- 
formably bedded strata on to violently folded beds, along an almost level 
surface, This indicates that the latter never had any other relief, since 
the unconformities pass into bedding planes, and also there could not 
have been a sufficiently long time interval for peneplanation. (2) The 
mountain belts of the world are far more extensive than the zone of 
Mesozoic-Tertiary folding; and sometimes, even within it, the mountain 
ranges cross the lines of folding at an acute angle (e.g. Inner Armenta). 
At times the superstructure of the mountains is unfolded, and lies upon 
4 substructure folded at some distant geological period. This is true of 
the Andes and of what were taken for fault blocks in North America. 

The ridge and furrow effect is due to broad folding (Grostfaltung), an 
undulatory upwarp accompanying regional arching, Faults may occur as 
minor phenomena associated with its increased intensity. Probably such 
uplift (as contrasted with the folding due to compression) is caused by 
the entry of magma into the crust. Especially in arid regions, deposition 
often takes place in the broad synclinal depressions, and the strata in 
them become distorted as the broad folds rise on either side. 
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3. CONNECTION BETWEEN ALTITUDINAL FORM AND 
THE STRUCTURE OF THE EARTH'S CRUST 

In the zones of Mesozoic-Tertiary folding there has often been an 
overlap in time between the compressional folding and the uplift due to 
broad folding. ‘This latter effect seems to come into play when the ori- 
ginal folding has brought the rocks to the phase of incompetence and 
they are becoming incorporated in the substructure. Structure and relief 
are this different effects of the crustal movement, They may belong to 
crustal movements of different age, as for instance the Variscan folding 
of the Harz massif and its later uplift. ‘The records of that are to be found 
in the distortion of the strata of the superstructure lying in and at the 
side of the old folded material. The structural features will be preserved 
after denudation has levelled the relief. 

Thus from a combined study of structure and relief it becomes: pos- 
sible to deduce the course of crustal movements, ‘The structure is seen as 
the total result of the crustal movement; and so, given a constant inten- 
sity, is:a function of time. The relief, given a certain duration of time, is 
a function of the intensity of the uplift, The study of land forms is com- 
plementary to the study of structure, But'so far too much attention has 
been devoted to the adaptation of forms to structure as revealed by the 
quicrops of different rocks, and too little to the crustal movements which 
produced the gradients necessary before denudation could begin, In the 
Swiss Jura, for instance, the development of land forms, as they became 
adapted to structure, has been influenced by further growth of the 
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CHAPTER III 


REDUCTION OF ROCK MATERIAL 
A surface of solid rock is usually more or less smothered in rock 
derivatives, varying from fragments of relatively fresh rock, through all 
degrees of comminution and chemical change, to chemically stable or un- 
alterable end-products. These are prepared by a process of progressive 
reduction (Aufbereitung), the essence of which is to bring about ever 
increasing mobility in the crustal material. 


1. THE NATURE OF WEATHERING. EXPOSURE 

Weathering brings about physical and chemical changes, and can 
occur only where the rock material is exposed to atmospheric conditions, 
Unless this exposure is preserved, weathering comes to an end. Though 
exposure is originally the same on every surface, more rock material is 
reduced the greater the area of surface exposed. Since a high mountain 
has a greater surface than a low hill of equal base measurements, steep 
slopes reaching high altitudes are more rapidly demolished than gentler 
ones with lower elevations, Exposure is of immense importance in 
preparation for denudation and in the process itself. 


2, WEATHERING PROCESSES AND THEIR PRODUCTS 

‘The processes are (1) mechanical disintegration, (2) chemical altera- 
tion, which is accompanied by disintegration, and (3) solution, which 
may be separated from (2) because, acting alone, it may affect large areas. 
These three processes work simultaneously, but their relative importance 
varies in different parts of the world. 


(a) MecuanicaL Repuction 
Effect of Insolation 
Rapid changes of temperature lead to tensions between the outer parts 
of the rock, which are most affected and respond by changes in volume, 
and the innerparts which suffer less change. It is only under the clearskies 
of arid regions that the strong insolation and subsequent radiation by 
night cause sufficiently rapid temperature changes for shattering to 
occur. The process comes to an end when the fragments are too small 
for there to be any perceptible lag between changes at the surface and 
jo 
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in the core. The worse the rock conducts heat, the smaller the fragments 
before this occurs. Insolation rubble begins as coarse fragments, but in 
its later stages has a large acimixture of fine particles. 


Frost Weathering 

Frost shattering is due to the expansion of water as it freezes in the 
rock fissures. Freezing takes place downwards; and so the ice stopper 
causes pressure to be passed hydrostatically downwards as well as in 
other directions, Thus mechanical loosening takes place even below the 
actual xone of freezing; but this effect never goes deeper than a few 
metres. It is essential that the rock should be porous, or fissured, and for 
the geographical distribution to be near the snow-line or on the colder 
side of it, 

There is also mechanical breaking up by the roots of plants. It occurs, 
too, a6.an accompaniment to chemical weathering, and to solution which 
generally acts along special planes of weakness, loosening the unaffected 
lumps of rock between them, This is the principal way in which mech- 
anical loosening of rock fragments takes place in the moist tropics and in 
the temperate regions. 


(4) Cremteas, Weatnerinc 

‘This requires the presence of water. For the weathering of silicates, 
its jonisation—twice as great im the tropics as in temperate regions—is 
far more potent than the presence of dissolved carbon dioxide, or other 
acids, in causing the decomposition, Below o° C., chemical weathering 
ceases. It is of greatest importance in a humid, warm temperate climate. 
It ts aided by the action of bacteria and by a covering of vegetation. Not 
only do life processcs lead to the excretion of acids, but the plant cover 
stores the water required and allows it to pass slowly into the substratum, 
lengthening the period of chemical attack upon the rock surface, Even 
more important, the dead plants decompose into chemically active sub- 
stances, like carbon dioxide and the humus which plays such a great part 
in soil reactions, 

The end-products of weathering are ustially colloids, consisting of a 
series of clays and lbams. What differences exist, depend not upon the 
rocks from which they are derived but upon the climatic conditions 
under which they were produced, so that they are sometimes termed 
climatic soils. Because of their capacity for adsorption, the presence of 
these colfoids has an important effect upon denudation, When they have 
taken up water, they are highly mobile. On drying, they become hard 
clods, unless there has also been adsorption of dissolved salts, when they 
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become crumbly, Calcium carbonate is the commonest of these; and the 
terra rossa on limestone is an instance of such precipitation of colloids 
from the soil condition. The acid humic substances, also colloidal, are far 
less sensitive to the effect of electrolysis. When present, they hinder 
flocculation of the inorganic colloids also. Neutral humus does not have 
this effect. 

In studying denudation, the distribution of humus must therefore be 
considered. ‘This depends upon the rain factor, a relatian between 
precipitation and temperature. Humus occupies only a narrow girdle 
within each of those three strips of the world (separated by and belts) 
that are covered by vegetation; and these themselves lie within the 
wider zone of chemical weathering. 


(¢) SOLUTION 

The solution of limestone is a reversible chemical change: In the 
tropics, there is less carbon dioxide dissolved in the water, but the acids 
excreted by the vegetation are important. Not even deserts are entirely 
waterless, and solution may be effected by dissolved salts, c.g. silica is 
soluble in a solution of sodium carbonate, ‘Thus slight hollows, in which 
water lingers, are deepened by chemical action aided by the wind which 
blows away the crumbling residues. Similarly salt solutions within a rock 
lead to internal decay, though solutions reaching the surface will crystal- 
lise out. Honeycombing of sandstones by solution of the cementing 
material is not confined to arid or semi-arid regions. 


3. RATE OF WEATHERING AND DIFFERENTIAL 
WEATHERING 

The rate of weathering, for an attacking force of given intensity and 
the same degree of exposure, depends upon the resistance of the rock 
concerned. This is due partly to the method of its formation, partly to 
characteristics ucquired later. The inner surface, or extent of pore space 
and parting planes, is of great importance, since percolating solutions 
can here reach and attack the rock, destroying it from within. Certain 
rocks, like quartzite and clay, the composition of which approximates to 
that of the end-products of weathering, are very resistant to chemical 
weathering, ‘The rate is also affected by climatic conditions. 

Differential weathering (1) loosens fragments from thie solid rock, by 
attacking it along lines of less resistance. Especially when carned along 
by running water, these fragments do mechanical work upon the materials 
over which they pass. (2) It produces relief features as less resistant rocks 
wear down to form depressions, leaving the more resistant ones up- 
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standing. It is the relative resistance that matters; and the same igneous 
dyke may give rise to a wall in one place and a trench in another. 

Unresistant rocks are those in which there is rapid reduction to a state 
of mobility, sufficient to allow of denudation. The adaptation of land 
forms to different rock materials is a matter of time—a mathematical 
function of time if the differences in resistance to weathering are con- 
stant and other conditions similar. 


4- UNIFORMITY IN THE PROCESS OF ROCK. REDUCTION. 
THE SOIL PROFILE 

The complete soil profile, where there has been both mechanical and 
chemical weathering, shows (from the surface downwards); the end- 
products of weathering (clay or loam); a mixture of these with more or 
less altered rock fragments, increasing in number, size and freshness till 
a definitely rubbly horizon is reached; between this and the merely 
loosened parent rock, a zone of special importance to denudation, 
where rearrangement of the loosened fragments occurs. Below the 
loosened rock is the untouched solid rock, As each horizon becomes 
more weathered, the whole serics pushes down further into the parent 
tock. ‘The amount of weathered material determines the amount of 
denudation; the degree of reduction (which includes alteration as well as 
communution) decides the onset of denudation and how it proceeds. 

No absolute times are known; but rock reduction takes progressively 
longer to produce each higher horizon, since more and more divisional 
planes are required in the change from rock loosening to rubble, rubble 
to very fine fragments, and these to dust or colloids, ‘Thus the degree of 
reduction is not directly proportional to the duration of the reduction, 
but decelerates (so long as exposure is unaltered). However, for a given 
rock and given exposure, the total quantity of rock waste, the depth of 
the soil, does depend directly upon time. By uniformity of rock reduction 
is: meant that (on similar rock, with similar exposure and similar climatic 
conditions) if profiles haye the same topmost horizon, they must have 
had equal periods of time for their formation—becayse the same 
number of divisional planes will have been required. Denudation, on the 
other hand, does not act uniformly with respect to time. 


5. UNEQUAL EXPOSURE 
(2) Plant cover: This reduces exposure to mechanical weathering, but 
increases exposure to chemical weathering. 
(z) Rubble and soil cover (not always stationary); This also hinders 
mechanical weathering by lessening the exposure, though it may favour 
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chemical weathering since it retains water, especially in its lower parts. 
Sometimes this chemical change may even eat into the solid substratum, 
though rearrangement of loosened fragments is prevented. ‘Thus at the 
upper surface of the parent rock, exposures beneath a soil cover of vary- 
ing thickness may differ, although the upper surface of the soil has the 
same exposure in each case. Where the soil thickness gradually decreases 
to nothing in a horizontal direction, mechanical weathering takes place 
far more rapidly on the bare rock, so that this tends to ‘catch up’ as 
regards depth of soil and degree of rock reduction (or preparation for 
denudation). This is particularly important in the case of inclined 
surfaces. 


6. MOBILITY OF REDUCED MATERIAL 

Mobility is the essential feature in the preparation for denudation, 
and making crustal material mobile is a matter of uniform progress (uni- 
formity of rock reduction, p. 51). 

Moisture lessens mobility when the dry substance is (like insolation 
rubble) less cohesive than water; but increases it for colloidal matter 
which when baked dry is more cohesive than water. 

Rounding of fragments, as well as decrease in size, increases mobility, 

In very cold regions, salts are less soluble and so there 1s less elec- 
trolysis of the water and colloids remain unprecipitated. T’his increases 
the mobility of moist rubble, thus aiding rock-flow and solifluction. 

In arid regions, the colloidal material is crumbly from adsorptive 
saturation with salts. This reduces friction. Also, in the mixture of grit, 
sand and dust formed by insolation, the coarser grains exert unequal 
pressure on the finer ones, which then slip away. 


7. WORLD CLIMATIC AND SOIL ZONES 

Everywhere the action of weathering is to increase the degree of 
reduction of the rock material, so increasing the mobility of the rock 
waste. But the rate of reduction differs from one climatic region to 
another. Under polar climatic conditions, the material is mobile at snow 
melt, immobile when frozen. In humid regions, temperate and tropical, 
chemical weathering is important, and the constant moisture leads to all 
the material, even the rubble, being perpetually in a mobile state, A dark 
colour is imparted to the soi] by humic weathering. In the semi-humid 
regions (which include monsoon areas) there is alternation of wet and 
dry seasons. When dry, the colloids have a binding effect, rendering the 
material immobile. The soils are red. In arid belts (and continental in- 
teriors), the reduced material is always mobile (sce section 6). In semi- 
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arid regions, there is least mobility at time of transition from rain to 
drought and vice versa. 

In every climatic region there are optima for the mobility of reduced 
rock muiterial, and these are at the places where moisture is to be found 
all through the year. 

[There follows an enumeration of the soil belts of the world.) 


8. LIMTTS OF WEATHERING 
The depth of weathering is dependent upon the position of the water 
table. For below it, inadequacy of oxygen, and increase im the content of 
carbon dioxide and dissolved minerals leads to cementation in place of 
weathering. If the whole soil profile consists of stable end-products 
‘of weathering, reduction of course ceases, and the depth of soil should 
depend solely upon that of the water table. But since the depth of the 
actual soil cover often differs greatly from that of the water table (as 
calculated froma knowledge of the climate, rock materials and surface 
relief), i it follows that denudational processes must play an important 

part in hindering the formation of an ideal xonc of soil. 


g. RELATIONSHIP OF WEATHERING TO 
DENUDATION 

"The water table is nota fixed level even if climatic and rock conditions 
remain unchanged. It sinks as the exposed surface is lowered by denuda- 
tion, and with it the lower limit of weathering, and thus each horizon of 
the soil profile sinks also. This means downward movement of the border 
done between rock loosening and the rearranged fragments in the rubble 
honzon, or Renewal af Exposure, which is dependent upon the intensity 
of denudation, This in its turn is affected by the rate of rock reduction. 
Renewal of exposure is most rapid when denudation removes the merely 
loosened material from the bare rock before the complete soil profile has 
hed time to form. At the other end of the series, is the condition when 
denudation is so slow that end-products are formed tight down to the 
water table, the soil mereasing in depth till this brings it to a halt, In 
hetween is a state where the apeed at which reduced material is removed 
hy denudation from the top of a complete soi! profile just equals the rate 
at which fresh rock is weathered into the end-product. In this case the 
soil thickness remains constant. 

For aby given gradient, removal of material is related to the length of 
time which the process of reduction requires in order to produce the 
degree of mobility required for migration along that gradient. 

Intensity of denudation ia measured by the quanuty of reduced material 


SUMMARIES OF II. 9 367 


removed in unit time. The rate at which the reduced material moves on 
is measured by the distance it travels in unit time; and this depends upon 
both the type of denudation and the type of material transported. For 

‘spontaneous’ movernent, j.c. migration of the reduced material by the 
force of gravity alone, the intensity of denudation may be measured by 
the time taken to produce the requisite mobility, [t is greatest on bare 
rock. [f the reduced material cannot move away freely, but accumulates, 
exposure is decreased, and so intensity of denudation diminished until 
equilibrium is attained between preparation of material and its removal. 

This removal is dependent upon the gradient of the slope; and in general, 

the thickness of the soil cover increases with decrease of gradient; and on 
steep slopes only the lower horizons of the normal soil profile appear at 
the surface. ‘I’his is true for moist and arid climates. 

Seat of Rocks or Block Seas are illustrations of the above relationships 
between weathering and denudation. They are common in the German 
Highlands and have been considered to be the result of frost action in 
the Pleistocene period. But they also occur in Uruguay and south Brazil 
where such an explanation is not possible. Here, too, they are associated 
with specific rock types (c.g. granite, syenite, quartzite, basalt) and on 
definite gradients (15° to 30°), Observation shows that there are two sets 
of accumulations of blocks; 

1. Screes of angular fragments, found on very steep slopes usually 
hear a rocky source of supply, e.g. precipitous crags. 

2. Those supplied from the rocky substratum itself, but found only 
where there is a definite gradient (though some blocks may slip down on 
to gentler slopes below). In this case the blocks tend to be rounded, and 
to be embedded in fine material which has undergone chemical decom- 
position. Where the gradient lessens, the blocks project less and even 
disappear, being buried in gritty loam when the inclination ta less than 
10°. On steeper gradients, the fine material slips down and may carry 
blocks with it. 

These two types may merge into one another as the slope of the 
substratum alters. The blocks begin to appear as the slope becomes 
sufficient for the fine material to migrate; when it is so steep that they 
themselves slip down before chemical reduction has hail time to take 
place, the result is scree. 

Summary. Seas of blocks correspond to definite horizons in the profile 
of reduction, which reach the surface on certain gradients, because of 
the ‘spontaneous’ migration of the reduced material, this being more 
intense and more rapid the steeper the slope. ‘Thus, for transport by 
denudation, there is needed (a) a slope, (6) mobility of the material. ‘The 
steeper the gradient, the less the mobility needed for denudation. The 
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ratio of gradient to mobility determines the intensity of denudation. 
Weathering is responsible only for the mobility of the material, i.¢. rock 
reduction, and this depends upon the kind of rock and the climate. 'The 
nature of the rock determines the quantity reduced to mobility in unit 
time; the climate influences the composition of the result. But no one 
climatic region specially favours denudation over the whole surface; nor 
— provided the endogenetic conditions are identical—do different clima- 
tic regions lead to different denudational forms arising from a different 
course af development. 


SUMMARTES 


CHAPTER IV 
MASS MOVEMENT 


It is denudation, i.e, the removal of weathered material from its place, 
which produces land forms, Gravity is the driving force, often through 
the agency of a moving medium, such as water or ice. ‘The flow is along 
definite lines of motion, tending to produce linear results, whether river 
bed or glacier bed—though in the case of air movements the ‘bed’ may 
be a wide stretch of land. Mass-tranrport of loosened solid material is 
thus restricted to the paths of the moving media, Outside them, there ts 
miass-movement, ‘spontaneous’ migration under the force of gravity alone. 
The two together give rise to denudation of the whole surface, or sheet 
denudation, in which the movement is determined by the gradient of 
each individual slope. (Contrast the action of wind, which may move 
material up the land gradient.) ‘The full force of gravity is effective only 
where there is free fall from a vertical precipice, Elsewhere the effective 
component is proportional to the sine of the angle of inclination. Mass- 
movement can neither start nor continue unless the opposing resistance 
has been overcome, 


1: RESISTANCE TO DENUDATION 
The connection between denudation and crustal movements is that denu- 
dation tends to bring the material it moves into a position of stable 
equilibrium, whilst crustal movements disturb such a state of rest. 
Resistance to denudation depends in the first place upon the property of 
cohesion tn a rock, 


COHESION IN ROCKS 

some rocks have practically no cohesion, even in the unweathered 
state: examples are recent unconsolidated matter and, most important of 
all, rocks containing colloidal clay and thus becaming mobile if wetted. 
Clay is far more resistant to weathering than an igneous rock: and the 
so-called ‘weathering out’ of a dyke from clayey sediments round it is a 
matter of differential denudation (not of differential weathering). Clayey 
intercalations, as in flysch, render the whole mass mobile, should 
moistening take place; and highly coherent rocks may slide over wet clay 
which is dipping valleywards. ‘Thus streams of rocky fragments and 
steep-walled niches may result from the presence of naturally mobile 
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rocks, although such forms owe their characteristic features to the co- 
herent rock overylying them. 

The impermeability of clayey rock also makes it susceptible to denu- 
dation by rainwash. 

Friction 

This hinders the continuance of mass-movement (as cohesion hinders 
the start). It is so great as to make mass-movement very slow and thus 
dificult to observe. There ts internal friction between the components of 
a moving mass of rock waste, and external friction against the substratum, 
with sliding and rolling in both cases, Internal friction decreases with the 
size of the grains, and with their rounding. It is less in the upper horizons 
than where there is a weight of material above, and diminishes where a 
slope becomes steeper. Also it is less after movement has once begun. 
Thus both in the rapid descent of a landslip and in the slow movement 
downslope of weathered material, the topmost parts move over those 
below with a rolling motion analogous to flowing. 

Where intersecting slopes are mantled with the products of rock re- 
duction, the thickness of which diminishes upwards, the slighter friction 
beneath the smaller load leads to more rapid movement, and so increase 
of exposure. Hence, denudation is more intense above than below and 
the cresis become rounded. ‘The effect is increased if the slope is steeper 
above than below, since the magnitude of the friction (due to the weight 
of the downpressing material) acts at right angles to the plane of friction. 
‘Thus on a steep slope material can begin to move whilst it has less 
mobility than would be required for a gentler one (cf. p. 65 ‘as slopes 
become steeper, only the lower horizons of the normal soil profile are 
developed at the surface’). Mass-movement, however, does not cease 
nll a gradient of just under 5° is reached. Vor as the rock waste gradually 
descends, not only does rock reduction (by weathering) continue, in- 
creasing the colloidal content; but the rolling grains rub one another into 
smaller as well as more rounded granules, thus diminishing friction. 
Frequently it is only the upper layers which move, since the increasing 
weight of accumulated material may make friction in the lower parts too 
great to allow of any further motion, ‘The above statements ure true for 
all climatic regions. 


Roor SysreM or PLANts 
The effect of roots in obstructing mass-movement of rock waste has 
been exaggerated, The sieving action which impedes the movement of 
large fragments is offset by the increased chemical action beneath a plant 
cover, und by the fact that on very gentle slopes, and in the wet tropics 
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where there is a thick layer of highly reduced rock, some of this lies 
below the zone of the root mesh. The same correlation between steep- 
ness of slope and thickness of soil cover is found in forested as in treeless 
regions. Moreover, even in forested areas, examples are found of less 
reduced material from higher wp the slope covering that of the normal 
horizon, 


z, MOTIVE FORCES CONCERNED IN 
MASS-MOVEMENT 
Observations on the 1906 ash avalanches down the slopes of Vesuvius 
have shown that the force of gravity is the prime cause of mass-move- 
ment; but that the movement cannot start until there is sufficient weight 
from accutnulated material to overcome the resistance of fnetion (espe 
cially great at this change from rest to motion). 


[INCREASE OF WEIGHT 

The weight of reduced rock material on a slope undergoing denuda- 
tion 1s increased in the following ways: 

(a) By increased thickness, as reduction attacks ever deeper. 

(4) By rock derivatives arriving from higher up the incline. This 
mcrease is greatest at the slope foot. [t leads to movement of the 
whole mass of waste, instead of that of the highest horizons only, The 
angle of friction—that inclination of the substratum at which movement 
of material, resting directly upon the solid rock, comes to an end—1s 
less than it would be were there no mass-movement, no denudation, and 
$0 no accumulation of rock derivatives on the lower-lying parts of the 
land. Thus it is that there is movement along the very gentle foot-slopes 
on both sides of a valley trough, leading to the ‘cicatrisation’ or complete 
covering-in of disused stream-beds. 

(c) By the absorption of water. This is extremely important, especially 
in loose material and in rocks rich m colloidal clay. This often accounts 
for the release of landslips. 


FLUCTUATIONS IN VOLUME 
These lead to frequently repeated fine movements, which further the 
spread of rock waste to slopes inclined at less than 5°, he causes for 
such fluctustions are (@) temperature variations, si (b) awelling and 
shrinkaye of colloids with variations of moisture content. 


Periops OF NIOVEMENT 


In most climatic regions there are seasonal periods when mass-move- 
ment is most active, (though there secms to be no interruption of its 
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course in the wet tropics or in deserts), "Thus the smallest unit of time 
for its measurement is the year. 


3. WAYS IN WHICH MASS-MOVEMENT TAKES PLACE 
AT THE EARTH'S SURFACE 
The velocity of mass-movement depends not only upon the gradient 
but also upon the weight of the moving material. This latter may move 
freely or may be impeded by vegetation binding it together. 


(a) Migration as Isprviovat Loose FracMents 

Observations in the Atacama Desert show that on bare rock, weathered 
fragments move (without the help of rainwash) when the gradient 
reaches about 25°, Above 30", slopes are always rocky. ‘The movement 
is a rolling tumble, Fragments collecting at the foot of a steep rock face 
form scree, the upper surface of which is concave [in longitudinal pro- 
file]. The under surface, which has a slope less than that of the rock face 
above, is here termed the basal slope (Haldenhang), It is not always 
buried beneath talus. The rubble moves as a whole, in addition to the 
motion of its individual fragments. It receives further material from 
disintegration of the basal slope which it covers. 

In Landslides also there is generally movement of individual fragments 
rolling over one another, especially when they are of the type of rock- 
falls. The three areas typical of mass-movement can be seen at a glance: 
the denudation scar, the path of the moving material, und the area of 
deposition, 


(0) MOVEMENT WHERE MATERIAL 12 AcctMULATING 
(x) Free Mass-Movement 

This may occur not-only within serees and in rock falls, but also in the 
dry rubble which often occupies valley-like depressions where slopes 
are inclined at less than 25° continuing till 2° or 3° is reached. In semi- 
arid regions the rock waste, when sodden with water, may spread out to 
form great sheets that are almost level. 

Slumping is often the chief type of movement where there is plenty of 
moisture and a considerable amount of colloidal matter, A cover of 
vegetation hinders this, but need not prevent it entirely, for the increasing 
weight of dammed-up material may gash open even forest-clad slopes 
(usually the steep declivities of the wet tropics). ‘lhe formation of such 
landslide niches may be an important method of denudation. In semi- 
humid regions the grass sod may tear. In the wet acason, streams of 
waste move along, becoming corrugated as they do sq, Frequently these 
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are in definite valleys, but they may spread out over wide plains inclined 
atonly 2° to 3°. 

Slumping at the level of the water table is of special importance. It may 
merge into the rock-slide type of landslide where u resistant permeable 
bed overlies a saturated impermeable stratum rich m colloids. 

Solifluction is common in high latitudes at the time of snow melt. The 
superficial rock waste often ‘flows’ over what is atill unfrozen (the tjaele) 
The part played by frost action is not yet fully understood, but seems to 
be associated with changes of volume consequent upon alternations of 
freezing and thaw. Solifluction also takes place on slopes with an inelina- 
tion of scarcely more than 3°. he “stone rivers’ of the Falkland Islands 
have probably had their finer matrix washed away. ‘Their occurrence in 
valleys is explained by the fact that water would collect here, so changing 
Mass-Movement into muss-transport for at least the fine-grained con- 
stituents, whilst on the side slopes the moisture would be completely 
absorbed tn the debris and all the components would continue to move 
as a whole. ‘The ‘stone rivers’ are most likely still forming and moving, 
at-an extremely slow rate; just as the block seas of temperate regions are 
probably not mere fossil relics of the Pleistocene period, but are even 
now continuing to move downwards. 


(8) Bound-down Mass-Movement 

Mass-movement goes on even beneath a cover of vegetation. It often 
arches this up, where it is insufficient to tear it. Tree trunks may show a 
‘stilt effect’ (p. 10g); the beds of small streamlets are closed up by what 
moves in from the sides. Movement occurs on slopes of less than. 5° 
(though more than 0”). It is more rapid if assisted by flow of ground 
water. 

(¥) Corraston and Corraston Valleys 

Corrasion is the mechanical action by means of which fragments of 
rock are pressed off or chiselled away, before the rock is sufficiently 
reduced to allow of ‘spontaneous’ migration. Slowly moving rock waste 
corrades its substratum when the weight of the whole mass is sufficient, 
as near the foot of a ridge. The waste frequently moves along definite 
lines as ‘mass-streams'. Wide shallow valleys floored with detrital 
deposits but without any definite water-course, (or even traces of a 
former channel), are probably in a large measure due to corrasion. So 
are narrower furrows with a steeper gradient and sometimes several 
metres’ thickness of rock waste. Corrasion valleys often show con- 
siderable headward ramifications, and may form the uppermost parts of 
normal valley systems, e.g. on the gently inclined upper regions of the 
German Highlands and on the peneplanes of the German Scarplands.. 
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CHAPTER V 
GENERAL CHARACTERISTICS OF DENUDATION 
t. RETROSPECT. RELATIONSHIP TO CLIMATE 

No climatic region 1s without denudation over the whole surface, pro- 
vided that the mean gradient of the land is above a minimum (somewhere 
between 5° and o”), ‘The same land forms can therefore appear under 
all climatic conditions (p. 119), though the rate at which they develop 
may be different. They depend upon the gradients, which are determined 
in the first place by endogenctic factors, ‘The character of the rock 
determines only the minor features, Climatic changes may alter the 
relationship of muss-movement to mass-transport, but do not produce 
any fundamental change in the denudational forms. 


2, THE PRINCIPLE OF FLATTENING 
Denudation can never make a slope steeper; it always flattens it (or 
diminishes the gradient). A slope may, however, be replaced by the 
development of a new, steeper slope [due to erosion]. 


3. THE CONCEPTS: DENUDATION, CORRASION, 
EROSION 

Exposure is renewed by the removal of small pieces of loosened rock. 
In denudation, this latter takes place at the same rate as the rock is 
reduced. With corrasion and erosion, it takes place more rapidly, under 
the influence of the moving material, whether it be water, ice or rock 
WiHste, 

The sculpturing of land forms depends upon the relationshi p between 
what ia occurring over the whole surface and what is occurring along 
watercourses, The former is denudation, Erosion is here understood as 
the mechanical action produced by linear movement within 4 moving 
substratum (e.g. wind, water, ice) and brought about by it; corrasion, 
the similar action beneath rock waste migrating ‘spontaneously’, j.c- 
solely under the force of gravity. 

4. CLASSIFICATION OF THE REGIONS OF DENUDATION 

All the processes, by which rock waste is removed, begin with denuda- 
tion over the whole surface, develop into linear removal and then into 
‘definitely directed courses, 
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Regions of pure denudation occur on the upper parts of slopes, Lower 
down, corrasion and erosion are combined with the denudation, and 
finally erosion predominates. This can be so intense that there is no 
time for rock reduction to occur—in contrast to corrasion which essen- 
tially depends upon the presence of reduced rock before it can begin to 
act. Denudation occurs over the surface of slopes; crosion and Corrasion 
in incised furrows. Transitional forms link them, especially near valley 
heads. Lines of erosion, or of corrasion, have tributary surfaces of denu- 
dation, Increased dissection by valleys causes dismemberment of the 
areas of denudation; but there is no lessening of the superficial area, 
since the number of inclined surfaces increases, The amount of denuda- 
tion accomplished in unit time thus increases, since the amount of sur- 
face exposed to denudation is. mcreased. Corrasion prevails where a 
cover of vegetation impedes erosion, in arid regions where running 
water ts rare, and also in upland regions of low relief where infiltration 
may be in excess of run-off, 


5. BASE LEVELS OF EROSION AND OF DENUDATION 

The absolute lower limit below which crosion cannot take place, fhe 
base level of erosion, is the level at which running water can no longer 
flow, and.so no longer remove material. The absalute base level of erosion 
is sea level, of else the lowest part of an inland drainage basin, However, 
the work performed by rivers is often controlled, not by this, but by the 
general or immediate base level of erosion. This is usually where the stream 
leaves a tectonically uniform block of the earth's crust to. enter one which 
has undergone some different endogenetic movement. Several of these 
may occur in a river's course; and all ultimately recede upstream to the 
headwaters, Occasionally the general base level of erosion may coincide 
with the absolute base level, as where a tectonically uniform block drains 
directly to the sea. Though each point in a river bed is a base level of 
erosion for that immediately upstream from it, there are also more 
specific local hase levels of eroston at (a) the confluence of a trityutary with 
the main river, for the tributary cannot erode below this, (6) breaks of 
gradient in the course of the stream itself. These latter also recede up- 
stream. They may arise from a variety of causes, 

Not only running water, but all gravitational streams, have analogous 
base levels. For moving ice, it is the lower limit of ablation, or else where 
the ice is lifted from its substratum by a body of water which it has 
entered. 

For mass-movement, the corresponding levels may be called the Ause 
levels of denudation. As the slope leading down to a watercourse cannot 
be denuded below the level of the stream bed, the veneral base level of 
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denudation for it is this, i.e. the longitudinal profile, or gradient curve, of 
the stream, When the watercourses have (on a stationary block) reached 
their final gradient curves, the base levels of denudation are fixed. The 
slopes can be worked down to these levels only where they actually meet 
the streams; but, above these lowest edges, extremely gentle slopes of 
minimum gradient develop, along which no further denudation is pos- 
sible. These form a final peneplane (Davisian peneplain) with slight un- 
dulations and a general fall towards the base level of erosion. 

The general base levels of denudation may coincide with those of 
erosion—e.g. where the slopes of broad anticlines lead directly to the 
broad synclines (Asia Minor, etc.). The resulting effect is seen to be 
quite different from that where the influence of the base levels of erosion 
is exerted indirectly through the drainage net (e.g. on the slopes of the 
erosional valleys within such broad anticlines), 

But the base levels of denudation are functionally independent of, and 
may be quite different from, the lines of eroding streams and their base 
levels. The outcrop of a resistant band of rock, far above the river, may 
form a base level of denudation for a ledge above it, or for a summit 
peneplane, separated from the former base level of erosion by the inter- 
polation of younger, steeper relief. These are docal base levels of denuda- 
tion, conditioned by structure; and the slopes above them continue their 
development with reference to these breaks of gradient. ‘They may co- 
mcide with concave or convex elements in the land forms. Such a local 
base level, and the slope related to it, form a single system, and may be 
termed a form system. Thus breaks of gradient separate form systems [or 
Slope units, a term conveying a clearer impression to an English reader 
when it is used later, in Chapter VI}. 
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CHAPTER VI 

DEVELOPMENT OF SLOPES 
1. GRADIENT AND FORM OF SLOPES 
Slopes of almost identical maximum gradients tend to be charac+ 
teristic of particular natural regions. ‘Thus it is possible to speak of 
uniformity of relief for a district, this implying the total effect of the 
arrangement and combination of all the slopes with approximately the 
same angle of inclination. Instead of using the common expressions 
Alpine relief and Highland relief, more general descriptive terms are 
here used for the relief types: steep forms and steep relief, where the land 
forms show what is about the maximum gradient for resistant types of 
rock; intermediate forms and medium relief, for those with inclinations 
comparable to their basal slopes, and similar to the relief found in the 
valleys in the German Highlands; flattish forms and peneplanes, where 
the gradients are slight throughout, ‘here are, however, an infinite 
number of transitions in the series. Also, within any one relief type, there 
will be minor diversities associated with differences in rock resistance 
and attitude. 

A problem is presented, not only by this association of slopes of more 
or less uniform gradient in definite limited regions, but also by the form 
of the slopes. This may be convex, concave or straight (rectilinear) in 
profile; and these forms, too, are arranged in definite groupings. Convex 
or straight profiles are usually associated with vigorous erosion; concave 
profiles with old landscapes, often upraised (e.¢, the summit area of the 
German Highlands and of the German Scarplands). Form associations 
with convex slopes are typical of the two high mountainous belts of the 
world, and are less frequent on continental masses, where concave 
slopes are the general rule. Straight profiles are commonest with steep 
relief, but are not confined to this, They occur also with medium relief, 
being the rule where valleys are sharply incised; and they are quite fre- 
quent at ridge crests where these have been formed hy the intersections 
of retreating slopes. All three types are excellently exhibited in Badlands. 

Theoretically, slopes meeting in these upper extremities should always 
give rise to sharp linear edges (or pointed peaks). Actually, these edges 
are always somewhat rounded or blunted, the more so the gentler the 
iNtersecting slopes, The width of the zone of blunting decreases with 
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increasing steepness. It is present when the intersecting slopes are 
concave or straight, as well as in the case of convex slopes which would 
naturally meet with a rounded effect. 

Some have imagined an unutially sharp edge which became flattened. 
But this conflicts with what has been observed in valley excavation, 
where the gentler slope develops at the base (basal slope or Haldenhang), 
and works upward—not vice versa: while the convex curvature would 
imply more rapid denudation on the flattish ridge summits than on their 
steeper flanks. This ia not possible [except to the very limited extent 
due to increased exposure there (because there is less rock debris) which 
is discussed on pp. 78, 142-143]. 


2. FLATTENING OF SLOPES 
Concave Bast Levers of Dexupation 
Here we have, worked out with the aid of diagrams (figs. 2 and 3) the 
way in which a cliff, rising from the edge of a non-eroding stream, 
retreats by the process of denudation; and the development and (slower) 
retreat of a gentler basal slope (Haldenhang) below it, and of slopes of 
diminishing gradient (Adflachungshiingen) below that. 


3; UNEQUAL EXPOSURE: ROUNDING OF HEIGHTS 
The accumulation of rock waste, which increases from above down-. 
wards, brings abour inequality of exposure, ‘This lessening of exposure 
on the lower parts of a slope system may retard the rate of development 
(if corrasion is absent), but does not alter the forms described in the 
previous section. Where slope units intersect—along ridge crests or in 
peaks—if the exposure is greater at the top, rock reduction is more 
rapid there than lower down where there is a mantle of rock waste. This 
means flattening of the uppermost part of the slope unit. The process 
reaches downwards until renewal of exposure is taking place at the same 
rate on the flattened part (where it is now becoming retarded) as lower 
down the slope where the rate has not changed. ‘The gentler the gradient, 
the sooner will this limit to fattening be reached, | 
Its thus impossible for broad rounded ridges and, from them, flattish 

form associations, to have been derived from sharp crests by a process 
workme from above downwards. | a 

~The rounding takes place more quickly if climatic conditions allow of 
plant growth, which assists in the accumulation of suil, so producing in- 
equality of exposure on the slope unit. The character of the rock also 
exerts an influence. 
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4. STRAIGHT SLOPE PROFILES, 
UNIFORM DEVELOPMENT 

In Vi. 2, 1 was assumed that the base level of denudation re- 
mained unchanged, te. the river was neither incising nor depositing, 
merely transporting its load, In such a case, the whole system of slopes 
moves back further and further from the edge of the stream; and, one 
after another, the uppermost slope units disappear. The only one that 
continues to gain in area is the lowest of all, that of minimum gradient. 

If any slope unit other than this is to remain adjacent to the base level 
of denudation, the river must erode it. With the aid of fig. 4 (p. 145), 1t 18 
shown that a slope unit can maintain itself (with unaltered gradient) at 
the edye of the stream only if the intensity of erosion is constant or 
bears a constant ratio to the intensity of denudation on the adjoining 
slope unit. The latter depends upon the gradient and this upon the 
character of the rock. Hence, if the adjoining slope is steep, greater 
erosional intensity is necessary to maintain equilibrium than if it is 
gentle. ‘The limiting case is equilibrium between a slope with the smallest 
possible gradient and a non-eroding river (the case of the theoretical 
peneplain or end-peneplane). Fig. 5 (p. 146) is used to show that the 
gradient of the slope unit which nses up from the river’s edge is deter- 
mined by the intensity of erosion (though details of the inclination de- 
pend upon the rock material), If this intensity remains constant, the 
inclination of the slope unit developing at the margin of the stream must 
also remain constant, ie. the form of the slope is rectilinear in profile. 
"The development is said to be uniform, and the characteristic is a straight 
slope profile which may have any gradient. 

The cliff face in fig. 5, if produced upwards, would meet un analogous 
slope unit in a sharp edge. It has been shown that a slope of uniform 
gradient develops below cach original steep slope, with a single concave 
break of gradient. As this works backward and upward, the steep face is 
shortened to the same extent. ‘he artte is lowered by the corresponding 
vertical amount. In course of time, the original slopes are replaced by 
the gentler slopes of uniform gradient, which meet in a blunter edge. Up 
to this time, the vertical distance between the zone of intersection and 
the general base level of denudation (which is sinking uniformly) has 
been lessening. In other words, the relative height has been diminishing, 
But from now on, this is not so. The uniform straight slope is: being 
shortened from above at the zone of intersection; but it = also being 
supplemented from below, at the river's edge, by the same amount, It 
can be seen from the diagram that, in unit time, the zone of intersection 
is lowered by the sarne amount as the river cuts down, This is regardless 
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of the angle of inclination of the intersecting slopes of uniform gradient, 
and irrespective of the rounding of the summit ridge (since this ‘flatten- 
ing from above’, incident upon unequal exposure, is rapidly brought to 
an end, pp. 142). 

Thus, with uniform intensity of erosion, if the uniform development 
lasts sufficiently long, straight slopes are produced. As soon as these 
intersect, the relative heights remain constant. 


5. CONVEX BREAKS OF GRADIENT 

By reference to fig. 6 (p. 149) it is shown that a convex break of gradi- 
ent is produced if the intensity of erosion is increasing, It arises at the 
edge of the stream and works upwards at a rate depending upon. the 
intensity of denudation on the steeper (lower) slope unit. ‘The develop- 
ment of the higher, flatter slope unit depends upon the position of the 
break of gradient, and so becomes independent of the base levels of 
erosint. 


ADDITIONAL NOTES ON THE OriGiIn OF CONCAVE 
BREAKS OF GRADIENT 

Convex breaks of gradient thus correspond to concave base levels of 
denudation as far as their origin, their behaviour and their function are 
concerned. Both originate at the general base level of denudation, bath 
recede upslope at a rate determined by the intensity of denudation 
which equals the rate of development of the steeper slope unit); both 
are local base levels of denudation and thereby remove the slopes above 
them from the influence of the drainage net and the base level of erosion. 

By analogy from VL. 5, it follows that concave breaks of pradient 
will develop not only with a fixed base level of denudation (stream neither 
eroding nor depositing), but whenever the intensity of erosion is dimin- 
ishing. A sharply concave curve indicates rapid deceleration of the ero- 
sional intensity, and less strong curvature a slower rate. 


6, DEVELOPMENT OF RELATIVE HEIGHT. 

WAXING DEVELOPMENT AND WANING DEVELOPMENT 

Development of relative height is discussed with reference: to figs, 2 
to 6, Lowering of the zone of intersection depends solely upon the 
development of the slope units which meet there: and the rate of lower- 
ing decreases with the gradient of the intersecting slopes. 

But relative height depends also upon the position of the general base 
level of denudation. This is constant only at the end of a series of de- 
velopments characterised by decreasing erosional intensity. Such a 
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course of development is here termed WANING DEVELOPMENT (Abstety- 
ende Entwicklung). lts characteristic features are concave breaks of 
gradient, concave slope profiles, and decreasing relative heights. 

Waning development may succeed uniform development, or be 
followed by it (a3 was assumed for fig. 6). With UNIFORM DEVELOPMENT, 
the relative height becomes constant as soon as the straight slopes inter- 
sect (p. 148). 

WAXING DEVELOPMENT (Aufsteigende Entwicklung) is the name given 
ta that course of development which is due to increasing erosional in- 
tensity. Its characteristic features are convex breaks of gradient, convex 
slopes and increasing relative heights, even though there ts lowering of 
the zones of intersection. 

Variations in relative height depend upon the differences between 
what is happening at the zone of intersection and in the eroding channel, 
the edge of which forms the base level of denudation. If intensity of 
erosion becomes less, relative height diminishes (this being associated 
with concavity af the slopes, and the intersection of slopes of gentler 
gradient). If it increases, so does the relative height; but again not until 
the new slopes of the convex slope system have established themselves. 


7. RATES OF GROWTH AND AREAS OF SLOPE UNITS 

As concave or convex breaks of gradient recede upslope (regularly, if 
the rock material is homogeneous), the slope unit immediately above the 
break is shortened, But that immediately below it is lengthened. This 
growth of slope units varies in its rate with the intensity of denudation, 
and so with the gradient of the slope. 

When development is uniform (straight slopes), there are no breaks 
of gradient, and the amount of shortening at the zone of intersection is 
compensated for by an equal lengthening at the general base level of 
denudation, ic. the area of the slope unit remains constant (as does the 
gradient). 

With waning development, since the steeper slopes are above, each 
higher break of gradient recedes upslope more quickly than the next 
below it. Thus the area of the slope umt between them increases. The 
increase is small since differences of gradient on adjoming slope units 
are slight, except those between the original cliff and its basal slope. 
Also the increas¢ is not unlimited; and it is only the slope of minimum 
gradient which increases continuously at the expense of the rest. 

With waxing development the situation is reversed. The more rapidly 
receding breaks of gradient (which are convex) are found at the lower 
margin of cach slope unit. ‘Thus they all decrease in area except that 
adjoining the general base level of denudation. Siope units :may vanish 
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before they reach the zone of intersection (see fig. 7, p. 155). They are 

by sharper breaks of gradient. Hence it eventually happens 
that the lower limit of an uplifted flattish landscape is a sharp break of 
gradient above steep slopes which may even be slopes of maximum 
gradient, e.g. Black Forest. This is demonstrated with the aid of fg. 7 
The slope which ‘eats up’ the others always has a straight profile; so that 
from its shape it is impossible to tell whether the water-course at its base 
has had uniform, accelerated or decelerated erosion, i.e. whether the 
slope has had uniform, waxing or waning development, provided the 
intensity of erosion more than balances the ‘spontaneous’ denudation on 
a slope of maximum gradient. Where such undercut slopes intersect to 
form a ridge, the relative height becomes constant. ‘This then no longer 
indicates uniformity of development. 


CONTINUITY OF THE CURVATURE OF SLOPES 

In the above diagrams, erosional intensity has been assumed to in- 
crease intermittently. But this is not necessary for the accentuation of 
convex breaks of gradient by the removal of intermediate slope unite. 
Actually the intensity of erosion changes, not discontinuously, but 
steadily—although by comparison with the very slow processes of sheet 
denudation the increase may seem to be intermittent. The general base 
level of denudation is being lowered continuously by erosion, by a very 
small amount at each instant of time. So that very minute slope units are 
perpetually developing at the edge of the eroding stream, each increasing 
in steepness with the increase in erosional intensity. They combine to 
form a continuously curved slope. ‘This is shown in fig. 8 (p. 159), 
where the more rapid rate of erosion tn (B) is seen to produce a stronger 
curvature than in (A). 

When, in a continuously curved slope of medium gradients, a steeper 
slope unit (e.¢, that of maximum gradient) overtakes these, a markedly 
curved section of the slope is developed; and this recedes upwards, act- 
ing like a convex break of gradient. Such a break in the general change 
of gradient is a discontinuity in the slope. But it has been brought about 
by a continuous increase In erosional intensity, L.¢. a confinuows cause has 
produced a morphological discontinuity. 

Similarly, the concave profiles of waning development are also con- 
tinuously curved. Even the transition from cliff face to basal slope is not 
a sharp angle but curved; although this curve may be hidden by the 
accumulation of detritus making a sharp nick in the profile where it joins 
the cliff. 
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§. RISE IN ‘THE GENERAL BASE LEVEL 
OF DENUDATION 

A relative rise in the general base Jevel of denudation does not lead to 
any alteration in the type and shape of the associated slope units unless 
the rise is continually changing. The result is then a special case of 
waning development, Unless the base level rises as rapidly as a cliff face 
is receding by denudation, it cantot continue to adjoin it. If the mse lags 
behind, a basal slope develops which separates the cliff from base level, 
even if the lower part of the basal slope becomes buried, If the nse in 
base level is decelerating, the slope of diminishing gradient may also 
appear. Slope units, that are heing drowned, or buried, preserve their 
gradient only when the rate at which the base level is risig keeps pace 
with, or surpasses, the rate of development of the slope unit concerned. 
When base level rises more rapidly than the adjoining slope unit recedes, 
this slope is preserved unaltered at base level. But there develops below 
it, being covered as it develops, a gentler slope, which is however steeper 
than the normal slope of diminishing gradient associated with a fixed 
hase level of denudation. With a decelerating rise of base level, the slopes, 
which are being buried as they form, produce a convex profile. Above 
them, concave slopes of waning development will appear; and often 
below them also, as crosion ceases. Profiles of this type occur near 
Istambul in Devonian beds that have been covered over by Neogene beds. 


9. INFLUENCE OF HETEROGENEOUS ROCKS UPON 
THE DEVELOPMENT OF SLOPES 
SrauctoraL Base Leavers oF DenvpaTtion 

If a belt of more resistant rock, ¢.g. an eruptive dyke, outcrops on a 
slope, two types of break of gradient develop, "These are the two types: 
(a) on the downhill side, the steeper slope of the resistant band (8 separ- 
ated from the gentler one below by a concave angle; on the uphill side, a 
convex break of gradient separates it from the gentler slope above. These 
breaks do not migrate upslope, but merely follow the shifting of the rock 
boundaries as denudation proceeds. They are independent of the base 
level of denudation, (6) The breaks of gradient of the second type occur 
within the individual rock outcrops, originating at the structural base 
level of denudation, and migrating upslope in the normal manner. 

Where there are rocks of differing resistance, the intensity of denuda- 
tion on a lower slope unit is one of the factors determining the develop- 
ment of those sections of slope that lie ahove it. 

Waning development is not fundamentally disturbed when a more 
resistant type of rock outcrops on a slope. The concave profile appears, 
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though it is interrupted by a convex break of gradient at the upper 
boundary of the more resistant bed. Waxing development has its convex 
profile interrupted by a concave break of gradient at the lower boundary 
of the more resistant rock. 

For given differences in rock resistance, the difference in gradient be- 
tween the slope units in the two rocks increases as the mean gradient of 
the slope increases. And as this mean gradient depends upon intensity of 
denudation, adaptation of denudational farms to crustal structure de- 
pends not only upon the duration of the denudation but also upon its 
intensity. Vhat ts, the influence of various rocks is far more noticeable 
where there is steep relief than on peneplanes. On moderately inclined 
slopes, the adaptation of individual forms to crustal structure is more 
pronounced the greater the difference in rock resistance. 

To consider the special case of scarplands—formed in tilted beds of 
alternately resistant and less resistant rock. Those between the Fichtel- 
gebirge and the Black Forest have been very fully studied. Gradmann 
has shown that the steps are not tectonic, being unconnected with faults 
or flexures, The peneplanes, generally upon impermeable and mobile 
sediments, between the upstanding ridges of resistant permeable 
material, are not (Davisian) peneplains, He considered them to have 
been formed by the denudational lowering of ridge crests between 
deeply incised valleys during a period when erosion was at a standstill, 
s0 that the base level of denudation was in a fixed position. With the help 
of fig. 11, It is shown that it is impossible for scarpland peneplanes to 
have arisen in this way, the ridge crests becoming Aattened whilst the 
scarp steps were preserved. Surface denudation js by itself inadequate 
for this. There must have been an active drainage net on the less resistant 
beds, durmg their peneplanation, [his is necessary to account for the 
preservation of steepness in the scarp ridges; and it would have acted as 
general base level for denudation on the less resistant beds, But the 
location of the water courses on the weaker strata presupposes an 
original surface on which these outcropped between the resistant beds 
{as Gradmann shows in his profile). Fragments of such a surface—which 
was not a (Davisian) penepiain—are still clearly recognisable, 

Since cuesta ridges and intervening peneplanes exist side by side, 
different parts of the drainage net must have had different values as 
general base levels of denudation: (a) the main branches, directly con- 
nected with the general base level of crosion for the whole area, were 
able to cut through the ridges; (6) the ramifications on the peneplanes 
were held up by more resistant beds and so eroded but slightly, if at all: 
Recession of the scarps, and further modelling of the peneplanes, took 
place in relation to these. 
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Such flattish forms or peneplanes are found not only in scarplands, 
but in other areas where resistant beds lie below less resistant ones, par- 
ticularly at the edges of such regions, where the outcropping of a nests- 
tant bed forms a structural base level of denudation. But more often they 
are related to a drainage net (general base level of denudation), the down- 
cutting of which is impeded by the resistant beds. These relationships 
are exhibited on Erongo, a South-west African inselberg- 

If the more resistant and the less resistant beds are arranged side by 
side (instead of below one another), the valley cross section changes 
noticeably, widening out in the weaker beds, even when the erosional 
intensity is constant. 

When slope units at the same stage of development intersect to forma 
ridge crest, then the relative height is greater in the more resistant rocks 
(other things being equal). ‘The argument is developed with reference to 
fig. 14. 

At certain stages of development, there may also be a change of form 
associated with that in rock material—e,g. with waning erosional inten- 
sity, concave slopes appear first in the more resistant material whilst the 
weaker bed is still able to maintain ifs slope of maximum gradient (with 
straight profile), This may be seen where the stream follows a rock 
boundary; or where the rock beds, though differing in thetr resistance to 
denudation, are similar as regards resistance to erosion. 

But more often the change in erosional intensity with a difference tm 
rock material is similar to that in denudational intensity. A bank of 
specially resistant rock may check the erosional intensity above it, So 
that the denudational forms become concave (waning development). The 
concave slopes work back from the edges of the river, which meanders 
because of impeded erosion; and thus easily removed beds may be 
cleared away, ¢.g. the Neogene beds that have been removed from the 
broad synclines of western Anatolia (where the frame round the broad 
synclines is of resistant material). Denudational terraces (e.g. Grand 
Canyon of the Colorado, scarplands, etc.) are also due to differences in 
the resistance of the rocks, 

The nature of the rocks‘and their arrangement are of immense im- 
portance in determining individual land forms and their groupings. But 
these are merely details of land sculpture, modifications of the funda- 
mental laws of denudation; and adaptation to rock material is only part 
of the feature, a fact that has often been overlooked. 


SUMMARY 
[not further summmarised.| 
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CHAPTER VU 


LINKING OF SLOPES, FORM ASSOCIATIONS 
AND SETS OF LAND FORMS 


1, OCCURRENCE AND COMBINATIONS OF CONVEX 
AND CONCAVE SLOPES 
Concave slopes predominate all aver the earth and may be considered 
the normal type. ‘This is because denudation, which acts everywhere on 
a surface and the whole time, can produce only this kind. Straight and 
convex profiles develop only where erosion also comes into play, and 
this varies from place to place, and from one time to another. 

But though now predominant, concave slopes cannot be the original 
type. They cannot be parts of the earth's surface as it was uplifted, since 
they are always found rising up from streams incised in it. But erosion 
(by rivers) must have begun and suffered acceleration before it could 
decrease in intensity—and it is found that the concave slopes of waning 
development do usually lead upwards to convex ones of waxing develop- 
ment (unless these have been removed by the working back of the later 
concave forms). Good examples may be seen in the German Highlands, 
but it 18 a world-wide feature. The problem is: what are the causes that 
have led, in these places, to periods of increasing ¢rosional intensity 
followed by periods when the intensity was decreasing? 

Moreover, terraced deposits, remnants of former valley floors, often 
divide up the slopes. In the German Highlands they oceur particularly 
along the main lines of drainage. ‘Che problem is complicated by the fact 
that frequently these terrace steps are closer and closer together as the 
valley floors are approached, and that they often vanish where the deeply 
entrenched rivers leave the highlands, ‘The alternately convex and con- 
cave sections of the valley side are then replaced by convex slopes, or 
straight slopes of the steepest angle possible for that type of rock. The 
usual explanation is quite inadequate, 

Concave and convex slopes may also be associated horizontally in a 
valley, a the shifting current undercuts a bank or slips away from it. 
Such undercutting by meanders may lead to occasional convex profiles 
Where the valley slopes as a whole show waning development with con- 
cave forms; and vice versa, But these divergences relate merely to local 
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erosional changes (modifying the denudation here and there) and throw 
no light upon the development of the district as.a whole. | 

‘What matters to the solution of our problem is the characteristic, con- 
stantly repeated form. Quite often, the main valleys have the concave 
forms of waning development whilst the tributary streams, developed 
later, are stil] actively eroding so that their valley sides are convex. 
‘Their immediate, practically constant, base levels are the floors of the 
main valleys, and they have a long way to po before catching up if their 
stage of development, Tt is these convex forms which give its charac- 
teristic appearance to the district, since the density of their tributary net- 
work is increasing by headward erosion and ramification, In other places 
there may be equally great vertical dissection, but slopes are concave and 
the valley net is no longer increasing in the density of its mesh, 

Thus the core of the problem is found in the development of the valley net- 
work, A fact worth noting is that in wreas quite separate from one another, 
we find examples of a still developing net of tributary valleys with convex 
slopes. dominating the landscape, in spite of the concave slopes of the 
main valley sides, as well as examples of an already fully developed net 
with concave slopes everywhere, 


z. SCARPLANDS (CUESTA LANDSCAPES) 

The watershed region between the Danube and the Wutach shows 
two units: (a) the gentle eastern slope of the Black Forest (more or less 
uniform), and (5) the Malm scarp (a continyation of the Swabian Alb). 
Although the ‘Triassic and Jurassic strata lying between these seem 
suited to scarp production—as in the Neckar basin to the north, and 
even on the sides of the deeply entrenched Wutach—there is noscarpland 
here. The reason for this is the absence of a rapidly eroding drainage 
system, which would lead to the uncovering and constant renewal of 
structural base levels of denudation—an essential preliminary for scarp- 
land formation. 

On the scarplands, which begin east of Donaueschingen and extend to 
the Franconian Jura (and even beyond, to the edge of the Bohemian 
massif), two contrasting types of drainage can be distinguished, (a) ‘The 
principal rivers—the Main, the Neckar and their larger tributaries— 
with an abundant water supply, have entrenched their valleys, which cut 
through the scarp-forming horizons. (6) At the top of each scarp step, 
there is subdued relief, often forming a peneplane. On this are the head- 
water ramifications of the above tributaries, only scantily supplied with 
water. However, they work back to the edge of the next higher scarp, 
dissecting it into lobes: Downstream, this type ends with a break of 
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_ gradient in its longitudinal profile where the edge of the scarp-forming 
stratum is reached. For example, the very resistant Upper Muschelkalk 
gives the shurpest breaks of gradient, and bears the most extensive and 
most level of the peneplanes, which spread over on to the Lettenkohl 
and Lower Keuper beds lying above it. 

‘The main lines of drainage show alternations of reaches with vigorous 
downeutting and others where erosion has almost ceased, but will re- 
commence as soon as the eroding sections below them have worked up 
to those points. ‘The valley sides are convex, straight or terraced, often 
with concave slopes at the base. At the top is the scarp-forming horizon 
through which the river has cut. 

Lateral tributaries work back into the high land between the main 
valleys, progressively dissecting the scarps which overlook these, and so 
reach up to the peneplancs on their summits, Where they join the main 
valley, their cross sections may be canyon-like entrenchments (if the 
main valley is of that type); higher up, they are V-shaped. They suddenly 
become wide and shallow as they reach the peneplane (above a break of 
gradient). 

Sometimes the contrast is less obvious, as when the headwater tribu- 
tary, or even the upper part of a main stream itself (like the Tauber 
above Rothenburg), lies wholly on the top of a step. In such a case the 
break of gradient separates (a) the mixed forms of the incised valley 
from (4) the concave flattish forms on the intervalley divides and on the 
scarpland peneplane, which leads to the next higher scarp face with its 
forms of medium relief. The general base level of denudation for this 
receding searp (where landslips may play an important part) ia formed 
by the chief streams on the peneplitne at its foot. For them the local base 
level of crosion is the outcrop of the resistant beds (at the break of 
gradient above the lower, mecised part of the stream), This may be con- 
sidered fixed, relative to its tributary elopes; so that the peneplane and 
scarps above it develop without reference to any endogenetic occurrences 
fsuch as might be affecting the lower courses of the main rivers. | 

Each scarp is dissected by watercourses which often begin along 
corrasion furrows or where springs issue. Although frequently intermit- 
tent, they crode vigorously, since the gradient is steep, and work their 
way back by headward erosion. The sharp V-shaped valleys unite below 
with the wide shallow valleys of the peneplane lying in front of the 
scarp. As each streamlet cuts down its bed, the lower reaches—towards 
the pencplane—become more or less graded, so that only its uppermost, 
newest, and still steep sections are eroding. They dissect the scarp face 
into lobes, and each intervalley spur becomes itself similarly dissected by 
streamlets tributary to those which issue on to the peneplane. ‘Thus the 
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scarps recede, as first leaving residual hills in front, and are replaced 
below by slopes of diminishing gradient, so that the peneplane extendas 
farther and farther backwards. 

‘The preservation of the peneplanes between the scarps is dependent 
upon the structural hase levels of denudation. These are renewed in two 
ways: 

(1) ‘The main streams which cut through the scarps, and flow along 
the peneplanes, are still connected with the general base level of denuda- 
tion and so affected by endogenetic factors [i.c. if the tand is rising rela- 
tively, their eroding power is increased|. The upper peneplanes—on the 
interfluves between these rivers—are further and further dissected and 
flattened as denudation works the slopes back from the rivers. Hence the 
lower peneplanes extend at the expense of the scarp steps, and so of the 
upper peneplanes on these. 

(2) Rising from the peneplanes, which are controlled by their struc- 
tura) base levels of denudation, and so unaffected by endogenetic factors, 
are the scarps. These are preserved as typical forms, eince they are 
always being worked back by vigorously eroding streams, cutting head- 
ward as well as down. 

It is often difficult to trace the erosional history of the watercourses 
on the peneplanes, since mass-movement of rock waste tends to mask it. 
The absence of stream channels in the wide shallow valleys ts due partly 
to this, and partly to-choking by what has been brought down by flood 
waters from the intermittent streams dissecting the scarps. A very im- 
portant factor is that these streams, in their lower courses, trench 
through the scarp-forming horizon to the less resistant strata below; and 
this looser, finer material, even on the lessened gradient, creeps down to 
the stream channels, filling them in from the sides (see chapter TV, pp. 
10g, 113, 116). 

The scarpland peneplanes have a general inclination in the same direc- 
tion:as the drainage on them. This is because the streams cannot erode 
hefow the local base level of erosion, the break of gradient at the scarp 
edge; and all upstream from thts, denudational slopes as well as erosional 
curves, are controlled by this level. Sometimes the pencplane valleys are: 
drained in the direction of the dip of the strata, ¢.g, from Steigerwald 
eastward to the Regnitz and Franconian Jura. Sometimes the streams 
flow against the dip, e.g. the Neckar tributaries: coming from the 
Swabian Alb. "Uhose tributaries of the Jagst, Kocher and Murr which 
flaw with the dip have been considered consequent, But actually they 
have extended headwards along a water-bearing horizon at the base of 
the Lias (which, though often reduced to mere scattered residual hills, 
shows this feature in parts of the Jagst basin). 
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3. INSELBERG LANDSCAPES 

Here the characteristic feature is island-like projections from a pene- 
plane; in contrast to the way in which an uplifted portion of the earth's 
crust derives its special character from the pattern and depth of the 
excayations—the valleys and the modelling of their flanks, The slape pro- 
file of all inselhergs is concave, including the slopes by which they are 
linked to the surrounding peneplane with itz concave forms. The insel- 
herg landscape is characteristic of waning development. 

The minimum extent of the vertical dissection, during the preceding 
period of waxing development, is shown by the maximum height of the 
inselbergs. When these are flat-topped, they are generally all about the 
same altitude, and their relative height is approximately the maximum 
ever attained by dissection of the original landscape. When the insel- 
bergs are pointed and on the way to demolition, their heights vary more; 
and the slopes are gentler the lower the heights. Gradually they diminish 
to mere faint suggestions of intervalley divides before they are entirely 
lost in the penepline. | 

The development of inselherg landscapes is due to the weakening and final 
loss of erosive activity in the drainage net. ‘This cessation does not occur 
simultaneously everywhere. It is first of all to be noticed along the main 
Streams, accompanied by concave slope profiles and the movement up- 
wards of flatter and flatter slope units towards the intervalley divides. 
The valleys are widened as meanders increase in size; and the distances 
between the upper edges of the valleys also become greater as denuda- 
‘on causes the steep slope units to recede, being replaced below by those 
of diminishing gradient until the minimum is reached. Meanwhile, tn 
the uppermost reaches, erosion is still active. Headward erosion lengthens 
the streams which are working back into higher ground and have steep 
valley sides, This process continues as long as there is any land left 
standing above the curve of erosion. 

The intervalley divides are at the same time being eaten into by the 
tributaries of the main streams, and the lateral ramifying branches of 
these. ‘They, too, work backwards and upwards into the flanks af the 
main valleys, forming fresh steep-sided erosion cuts. The last and 
youngest of these are the gashes that furrow the slopes of the inselbergs. 
The steepmess of the sides here shows that the erosional intensity is 
transmitted, without loss, right up to the furthest ramifications of the 
valley system, and js seen in isolated branches of it when the greater part 
of the system has reached the stage of waning development and appears 
as wide shallow valleys on the peneplane. The inselhergs have been 
formed from dissection of the intervalley divides, as the headwaters of 
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ramifying hackward-working tributaries meet from opposite sides and 
eventually break up the ridge into separate peaks. 

Just as the phase of intense erosion and waxing development spreads 
backwards up-valley, and wp the tributaries and their branches, so does 
that of waning development, The progress is unaffected by further 
changes downstream. Thus waning development may be only reaching 
the headwater areas whilst a fresh impulse of waxing development may 
have begun to spread up-valley. Under such circumstances, the waning 
development will not have reached completion in the lower courses, and 
so cannot reach completion im the uppermost central areas. For the re- 
newal of activity in the lower parts means that new, steeper slope units 
develop and pass upwards, overtaking and swallowing up the waning 
forms before they have attained their greatest possible degree of 
flattening. 

A characteristic of the inselberg landscapes of continental areas is that 
they extend over immense regions of tectonically uniform parts of the 
earth's crust: and that the form associations of waning development 
stretch from the lower courses of the main drainage lines (where the de- 
velopment is quite complete) to the most centrally lying parts (where it is 
nearing completion), This implies a relatively long period with base 
levels of erosion constant. This is.a fondamental, deep-seated difference 
from the regions where such forms of waning development are confined 
within narrow limits, ¢.¢: in areas of broad folding (on mountain tops, 
especially in arid and semi-arid regions) and on the summits of the 
German Highlands and Scarplands. In these latter, a zone of renewed 
crosion, and steep slopes, separates the narrow zone of waning develop- 
ment from its present general base level of erosion, and peneplanation is 
effected only in the uppermost, headwater areas, 

Suppose there are sections of a valley where erosion has ceased. The 
steep slope units will recede from the river, being replaced below by 
slopes of diminishing gradient till the minimum slope is reached. The 
intervalley ridges—already divided up into peaks—will be narrowed; and 
the gentler slopes will first meet in the depressions between the peaks, 
which will remain as inselbergs. Downstream the whole area will have 
become a peneplane—upstream is sul] mountain. ‘The zone of inselbergs 
is comparable to the belt of residuals in front of a retreating escarpment. 
It works its way upstream, and ultimately the central mountain region is 
disintegrated into inselbergs. 

Where the rock material is resistant, inselbergs last longest; and some 
have thought that such “monadnocks’ are always associated with specially 
durable rock. But inselbergs are also found where the whole area is of 
homogencous rock. All that is necessary 1s undisturbed waning develop- 
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ment, ic. constant base levels of erosion. The inselbergs are the relics of 
what was the highest part of the district. Eventually they also are flattened 
until the result is an end-peneplane or (Davisian) peneplain. 

Waning development is independent of climate—all that is necessary 
is the weakening of erosion; and, if the development is to reach com- 
pletion, endogenetic influences must he eliminated, for they would lead 
to fluctuations in the general base levels of erosion, The absence of such 
influences may be either because the base levels actually remain stable 
for a sufficiently long time, or because Jocal base levels of erosion are 
interposed (i.e. breaks of gradient in the longitudinal profile are working 
back sufficiently slowly). The result is a wide peneplane with inselbergs 
standing up from it. Genetic relations show that inselberg formation is 
unconnected with climatic conditions—and actual facta bear this out, 
for typical inselberg landscapes have been found in almost every climatic 
region. They are distinctive features, not oftany special climatic region, but 
of the continental masses, areas long withdrawn from orogenic move- 
ments. 

Climate does, however, affect some details of the farm, e.g. in climates 
where vegetation is sparse, it is found that the soil is very thin not only 
on the slopes of the inselbergs, but also over the peneplanes. This leads 
to the development of sharper concave curvature in the foot-slopes of the 


4. PIEDMONT FLATS AND PIEDMONT BENCHLANDS 
There is a striking similarity between the forms characterising insel- 
herg landscapes and those of other form associations, also upon tectonic 
units. The German Highlands exemplify this. Valley forme will not be 
considered here, only the subdued land forms on the heights between the 
entrenched valleys. In some cases dissection has advanced so far as to 
remove these entirely, ¢.g..on the steep western slope of the Black 
Forest. But its eastern slope, especially in the south, is almost intact and 
‘shows the older form associations upon its intervalley divides, The same 
is true for the northern slope of the Fichtelgebirge, and remnants are 
aleo visible on its western side. 


(a) THe Harz 
The original northern and southern slopes have been almost entirely 
removed by dissection, hut a larger proportion of the summit area re- 
mains. Valleys (such as those of the Oder and Bode) penetrate far into 
the mountain mass; and between their steep slopes and the gentle forms 
on the stummmiut, there is just as sharp a break of gradient as that from the 
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‘summit to the short sharply incised valleys at the edge of the massif, It 
is the number and closeness together of these latter which give the 
semblance of mountains. 

Except for occasional recent gashes on the sides of the inselbergs 
rising above it, all forms on the summit peneplane show the concave 
slopes of waning development, with wide shallow valleys. [he central 
mountainland rising above it consists of the Brocken and its associated 
summits. ‘These are not due to the occurrence of specially resistant rock, 
since the Brocken and Bode granites, for example, help to compose both 
the summit peneplane and the mountain tops rising from it, There are, 
however, some lower, less steep elevations which are definitely asso- 
ciated with resistant rock material; but they are found only where this 
outcrops at or just above the general level of the land between the dis- 
secting valleys, a level which has been determined by other factors. 

The summit peneplane is clearly developed to the north of the central 
mountainland, though there it is narrower than to the south, On the east, 
it stretches from the northern to the southern edge of the mass. Here 
there is similarity to the inselberg landscapes of the vast continental 
areas, But it is not quite like even a pocket edition of these; for it ts only 
in the headwater regions that waning development has reached its com- 
pletion, not also in the lower courses of the drainage net, where there 
has not been prolonged fixity of the general base level of erosion. 

On the other hand, the forms indicate a succession of periods of in- 
tenser erosion, each more vigorous than the preceding one. For the 
longitudinal profile of the valleys shows a succession of eroding sections, 
separated by breaks of gradient from sections having a much gentler pro- 
file: and as one passes upstream, the eroding sections become in turn less 
steep (and also shorter) until the low relief of the summit peneplane is 
reached. That is, the whole jongitudinal profile is convex, although each 
unit is concave (see fig, £3, P- 200), 

The cross sections correspond to these divisions, being narrow with 
convex valley slopes where the longitudinal profile is steep, more open 
with concave foot-slopes where it is gentle, ‘The valleys on the summit 
are shallow and wide. 

‘These sections that are now eroding must have arisen successively 
from the general base level of erosion, and worked upstream. When 
waning development supervened, the break in the longitudinal profile 
of the stream formed a local base level of erosion for the part above it. 
Thus the central mountainland has become separated from the general 
base level of erosion by these local base levels above each of the more 
steeply inclined sections of the river bed. ‘The peneplane surrounding it 
is therefore different from that of an inselberg landscape on a continental 
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mass. It is not an end-peneplane, and may in contradistinction he 
termed a piedmont flat. 

A preliminary survey of the Black Forest and the Fichtelgebirge 
shows similar features to those of the Harz. But in these cases there ia not 
one piedmont flat but a series, which may be termed a piedmont stairway, 
or piedmont benchlands. 


(6) PIEDMONT BENCHLANDS 

The northern slope of the Fichtelgebirge shows this development par- 
ticularly well. 

The central mountainland has two types of summit: sharp crests, often 
surmounted by granite tors; and dome-shaped mountains. The almost 
level tops of these latter, with their wide, shallow valleys, are in some 
eases (¢.g. Hochhaide) at heights of about goo metres; and they are 
fragments of the same peneplane P, which elsewhere surrounds other 
dome-shaped mountains that reach an altitude of g5o0 m. (e.g. Ochsen- 
kopf). In recognising these as parts of the same peneplane, even more 
important than accordance of heights is the fact that each is bounded, 
both above and below, by a belt of convex slopes, separating the flattish, 
concave form associations. The higher domes bear on their sammits 
what seem to be fragments of another peneplane, P,. ‘his is:an end- 
peneplane of almost completed waning development; though even there 
a few crags are perched on the flattish ridges between the wide shallow 
valleys. 

Only the highest elevations on the P, surface still bear traces of the P, 
level. In the peripheral parts, steeply rising concave slopes already inter- 
sect, at lower elevations, to give pointed summits (e.g. Kéaseine), 

Shallow, but fairly steep-sided erosion furrows score the slopes of the 
higher domes, and debouch on to the P, surface. V-shaped valleys, with 
steeper sides, start at lower levels and cut back, the more vigorously the 
lower their local base levels of erosion. Examples of such local base levels 
are the flattish interfiuves between the Eger and the Réslau, parts of a Py 
peneplane at c. 370 m.; and also these rivers themselves. This P, surface 
penetrates the central mountainiand in the form of wide valleys, which 
themselves have younger, narrower valleys sunk in their floors, North of 
the central mountainland it is the dominating feature, sloping north- 
wards and ending in the steep convex slopes of a lobed scarp, in front of 
which lie residual hills. At its southward edge, concave slopes lead up 
towards the P, level, sometimes meeting in sharp crests crowned by 
crags (where the aide valleys coming down to this peneplane are suffi- 
ciently close together). | 
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The following general relationships are now evident: 

r) Each peneplane of a piedmont stairway continues in the form of 
valley floors into the region rising above tt. 

(2) Each lower peneplane was thus the level at which dissection started 
for the zone having a higher peneplane for its upper surface. 

(3) Each lower peneplane must thus be younger in origin than the 
next higher one. 

(4) The highest parts of the country are the oldest of the denudations 
areas. 

(5) Dissection by valleys is due to erosion, These erosive incisions are 
associated with the steeper slopes connecting two peneplane levels. 
Their headward cutting tributartes show convex profiles both in longi- 
tudinal and transverse sections; so that zones of convexity separate the 
peneplane levels, 

(6) The nearest base level for such erosion 1s the next lower pene- 
plane. 

(7) Each eroding section of a stream leaves behind it a zone of dece- 
lerated or of completed erosion, i.e. waning development starts on each 
lower peneplane and spreads upslope from it. 

A piedmont stairway (or piedmont benchlands) is thus characterised 
by zonal alternations of the features of waxing and waning development 
(convexity and concavity). ‘The uppermost peneplanes are the oldest, 
and on the others those parts nearest the next step above (the proximal 
part) are closest to being end-peneplanes. This part is continuously 
growing, whilst its peripheral edge ts constantly being encroached upon 
from below by the next lower one, as the steep convex slopes separating 
them are worked back by stream action and denudation of the slopes. 
Peneplane P, corresponds to the Harz peneplane. 

As regards the age of any peneplane belonging to a piedmont stairway, 
it must be remembered that the surface is always increasing in size at the 
expense of the higher land, so that even peneplanes of very ancient ongin 
may have a part which is geologically recent. The transgression of Ter- 
tiary beds on to the P, peneplane (e.g. near the embayment of Leipzig) 
helps to date this, combined with the fact that it truncates beds ranging 
from Cambrian to Mid-Bunter. 

As regards valley dissection, identical stages in different areas may be 
recognised by the similarities of their longitudinal and transverse profiles. 
Following the valleys and their tributaries upstream, zones are reached 
where the valleys are increasing in width, decreasing in depth, and have 
gentler slopes in cross section. ‘These show the first and oldest stages of 
valley dissection. Such zones are separated from similar ones below by 
steep sections; and these eroding portions are steeper, and have a greater 
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difference in altitude between any two breaks of gradient, the lower the 
level to which they belong, i.c. the later they have arisen at the base leve! 
of erosion (cf, fig. 13 for the Harz). This makes it clear that those parts 
of a medmont flat lying out beyond the zone of inselbergs (or tors) cannot 
be an end-peneplane, since its forms are growing steeper with waxing 
development, 

There are also intermediate levels to be discerned, especially in the 
neighbourhood of the Saale near Hof (between Py and P,). They are 
not separated phases in the process of dissection, but members of a con- 
tinuous developmental series, which points to the steady nature of the 
course of natural events. 

The inselbergs diminish in height away from the step between the P, 
and P, peneplanes—i.c. the P, and P, flats converge away from the cen- 
ira! mountainland, and must have originally merged into one another. 
This is true for all the lower peneplanes of the piedmont stairway, That 
a simular connection cannot be traced between P, and P,, P, and P,, in 
the Fichtelgebirge, is because denudation has wrought greater destruc- 
tion there, so that 1 cannot even be determined whether or not there 
were intermediate levels between those peneplanes now visible. But the 
fact that the scarps between the older, higher surfaces are of greater 
altitude than those between the lower ones [contrast the relationship 
between the steep drops in the longitudinal sections of the valleys] does 
suggest that the upper peneplanes also converged, and united m one 
surface, outwards from the mountain. 

Thus the searps between the peneplanes are not an original feature, 
but have been produced by valley dissection, commencing at a lower 
level of the peneplane—which is not an end-peneplane, The scarps are 
valley slopes, or have originated from such slopes; and their steepness 
and trend are completely independent of the nature and arrangement of 
their rock material. The original border zone between two peneplanes 
is the first part to be destroyed. It is replaced by inselbergs and the 
spreading lower peneplane (fig. 16). The whole of this becomes an end- ; 
peneplune only when it has worked far back—like P, and P, in the 
Fichtelgebirze—and its peripheral part has been Sonihimed by the next 
lower peneplane. Such a step-like arrangement of one end-peneplane 
above another can be formed cals by piedmont stairway dev clopment. 

Erosiona! intensities between zero and a very small limiting value 
oceur twice in those reaches of the streams which ure directly tributary 
to the general base level of erosion—viz. at the beginning of each period 
of erosion, and at ita close, i.e, at the onset of what cates erosion, and as 
this ceases, ‘lhe end-peneplane is associated with the second case, and its 
course has been characterised by progressive flattening. ‘This is not true 
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for the piedmont flats, which are continually being replaced, at their 
peripheral ends, by steeper forms. ‘This indicates increasing intensity of 
erosion, Such peneplanes, which are not developing into peneplanes, but 
are undergoing dissection, may be termed primary peneplancs. Their 
formation is associated with the gentle erosion occurring between the 
original onset and a small upper limiting value. 

‘This takes the problem of the piedmont benchlands back to the causes 
of the erosion, and of its variations. Erosion came into play in one zone 
after another, each further down the general slope of the MOUNTAIN Mass, 
and it increased slowly in intensity, Meanwhile, in successively higher 
zones, erosion was increasing to what was a definite maximum for each, 
These maxima became successively greater, and meanwhile the edge of 
the mountain mass extended further and further northwards (as sech 
from the position of the Oligocene transgressional beds, and from where 
the P, peneplane has been preserved below them). 

Examination of the surfaces below the transgressing Oligocene beds, 
in the neighbourhood of the Mulde, shows the P, surface, its northward 
extension dissected into inselbergs, an intermediate level similarly dis- 
sected by the P, level, and valleys im P, itself, ‘This puts P, back to the 
Eocene period, The P, surface 1s older; but not older than the Ceno- 
manian which it truncates near Freiberg (in Saxony). The under surface 
of the Cenomanian transgression probably corresponds to the peripheral 
part of the P, level which has its crystalline surface weathered deeply. 
The uppermost, P, and P,, surfaces must therefore have originated far 
hack in the Mesozoic era; so that we may be seeing Jurassic form associa~ 
tions, which have continued to develop tll the present day, preserving 
the same characteristics throughout. 

The seas of the Upper Cretaceous and Lower Oligocene were merely 
episodes, associated with the sinking area to the north (as‘shown by the 
transeression of Cretaceous horizons over onc another with retrogression 
+n Danian times—and similarly for the Oligocene), This area of fluctua- 
tion separated that of continuous sedimentation to the north from that of 
continuous denudation to the south. 

Similar piedmont benchlands are to be seen on the Atlantic slope of 
the Appalachians; They have heretofore been interpreted as end-pene- 
planes—Davisian peneplains. Here, too, there was marine transgression 
(Senonian to Miocene), and upwarping of the ‘Cretaceous’ peneplane. 
Here, too, the direction of movement did not alter, either in the aren of 
uplift and denudation (Appalachians) or in that of subsidence and de- 
position (edge of Atlantic Ocean); but the latter area increased and 
diminished in size during the periods of time considered. The Hudson 
submarine channel 1s associated with recent subsidence in this region. 
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Scandinavia seems also to show a central mountainland (in south 
Norway—a Caledonian relic) surrounded by stepped peneplanes of 
which the lowest, the strand-flat, bears many inselbergs. The absence of 
strata containing the detritus of denudation isa hindrance to exact inter- 
pretation of the features, 

No piedmont stairways have so far been found in the mountain belts of 
crustal instability. 


5- BROAD FOLDS 
Peneplanes occur quite frequently in the mountain belts, variously 
combined with other form associations. ‘Till recently no satisfactory ex- 
planation has been given for them, since it had been assumed that they 
were associated with periods of ‘tectonic rest’. 
‘The first thing to be done is to deseribe them. 


(a) THe Awps 

The remodelling effected by the Pleistocene glaciation makes it diffi- 
cult to characterise the special aspect of relief being considered here, 
especially as it has also masked the connection between pre-glacial forms 
and the deposits derived from their denudation, In addition, complica- 
tions are introduced because folding continued into early ‘Tertiary times, 
extending into the foreland and involving the deposita of denuded 
material that had been laid down there. 

Well-marked forms of waxing development may be seen where the 
extension of folding caused antecedent rivers to pass through gorges, the 
convex walls of which rise to flattish forms on the summits of the ranges. 
But not only there. They occur also well within the Alps, even though 
here dissection has gone further. They are clearly visible in the zones of 
the great longitudinal valleys, which run parallel to the trend of the 
mountain chains, Here the intervalley spurs do not rise so high as in the 
mountain belts at either side. hese zones seem to have developed from 
longitudinal undulations in the rising mountain arch, probably far back 
in Tertiary times. Between these depressions were what now form the 
zones of ridges, where, at the present day, the valley slopes intersect in 
edges reaching higher altitudes. The forms are usually steep-sided, recti- 
linear in profile, But even here, especially on the spurs, there is often 
convexity. This is true well above the limit of glacial rounding. Sculp- 
ture by glaciers has notched them with concave sections in the general 

convexity of slope. It is more difficult to recognise the pre-glacial form 
of the valley floors. But these do appear to show breaks of gradient of 
Yery ancient origin, 
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There seems no doubt that the present steep relief was preceded by 
gentler slopes, preserved—to differing extents—in both the zones of 
longitudinal valleys and those of the ridges. Confirmation is found in the 
correlated deposits of the foreland. For from Stampian to Sarmatian 
stages, the grain of these increases in coarseness upwards, until con- 
glomerate is reached. The Alpine area was increasing in height from 
early Tertiary times to that of the Pleistocene glaciation, its valley slopes 
and the long-p rofiles of the valleys becoming steeper. ‘This also explains 
the harrowing of the valley cross-sections downstream, as was found to 
be the case in the German Highlands. 

Differences in rock material are not the deciding factor here. For the 
same Triassic limestones, which give rise to sharp peaks and ridges 
around the Lech valley, form rounded bosses near that of the Inn (longi- 
tudinal valley zone); and the same differences hold true for the crystal- 
line rocks belonging to the Silvretta and Otzal nappes. Variations in rock 
material are very important as regards any individual features in the 
Alps, especially the lines of small valley ramifications, But even here the 
shape of the slopes 1s unaffected by the type of rock. 

The gipfelfiur (or imaginary surface tangential to the peaks and ridges, 
which show an extraordinary accordance of summit levels) is indepen- 
dent of glacial remodelling and shows a notable connection with the dis- 
tribution of forms of slope. Its shape is that of an undulating arch, sink- 
ing longitudinally to the main trend of the mountains in the region of the 
great longitudinal valleys, and sinking transversely where there are 
passes or sections of the principal nver courses which cross the strike of 
the folding. Where the gipfelfiur sinks, flattish slope units are to some 
extent preserved on the summits; where it mses, any flattish precursors 
of the steep slopes have vanished. But their former existence is proved 
by the convexity which can still be traced on the slopes. This association 
with the undulations of the gipfelflur explains why it is that the great 
Alpine valleys are, on the whole, independent of the arrangement of 
folds and nappes. These undulations cannot well be the result of later 
warping, sifce its risings and fallings are associated with the preservation 
of different types of slope, indicating differences of erosional develop- 
ment in the two cases, and so of the causes leading to the erosion. 

A peneplane, of post-Sarmatian origin, clits across the Neogene strata 
of the Alpine Foreland, Its surface ts slightly uneven, and it is covered by 
outwash gravels of the first Ice Age. It looks as if it might be a piedmont 
flat in front of its associated mountainland. Bur it cannot be one of the 
usual type, since the Alpine:area and its foreland are separate tectonic 
units, which have generally moved in opposite directions. 

However, piedmont flats are found within the Alpine region itself— 
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in the eastern part, where the endogenetic development has been differ- 
ent from that in the west, where also there was less glaciation, and where 
there are massive and extensive deposits of limestone. Ancient form 
associations, of medium relief, are found on the limestone plateaux of 
both northern and southern Caleareous Alps, and show the concave 
forms of waning development. Sharp breaks of gradient separate these 
from the steep slopes of the valleys reaching up into this mountainous 
country. In the northern Calcareous Alps there is a general slope north- 
wards, and a lessening of relative relief in this direction so that the forms 
approximate to a peneplane. For the Saalach region (Salzburg Cal- 
careous Alps) two different levels have heen established for the plateau 
surfaces, In a southern group, they show a rise southwards from c. 
1600 m. to ¢, 2700 m., the summits of the peaks (of moderate height) 
rising similarly. A northern group has its surfaces at about 1500 m,. and 
its peaks at ¢. 1700 m. In two places this lower plateau is interlocked 
with the higher one in embayments, Elsewhere the two levels are separ- 
ated by a low-lying belt containing the Saalach, This is like a longitudinal 
valley zone, and slopes down to the north-east. It also is probably a 
downward undulation of the gipfelflur, the plateaux corresponding to 
the ridge zones: On them, there have been preserved the gentler slopes 
which have been replaced by steeper ones in the zones of ridges in the 
west. 

The date of origin of the plateaux of the High Calcareous Alps seems 
to be Oligocene, Some of the (lower lying) plateaux of the Fore Al ps muy 
be younger, and possibly the lower plateau of the Saalach district. 

In the southern Calcareous Alps, the Dolomite plateaus, continuing to 
the Julian Alps, form the upper level. The marginal chains of the Val 
Suiguna—Rellunese lines are lower. 


(6) "Te Eastran Store or tHe ALPs AND Its 

| BOUNDARY AGAINST THE Kanst 

Between the Julian Alps and the Karst three plateau levels can be dis- 
tinguished: (a) Triglay-Krn, from c. 2500 m. in the north-west to c. 
1800 m. in the south-east, and the tops of mountain ranges, between the 
uppermost tributaries of the Wocheiner [Rohinjska] Save, Baca, etc., at 
the same level; (4) a peneplane below this, continued as piedmont flats 
into the valley floors of the higher level, altitude c. 1 500-1300 m.,, ¢-g. 
Jelovks Plateau; (c) broad, flat areas, often sunk valley-like in (b), at c- 
1000 m., followed by, e.¢., the Wocheiner Save. 

_ There has not yet been enough investigation to date these levels geolo- 

gically, But it is known thar: 
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(1) The Wochein [Bohinj] (at the eastern end of the Julian Alps) is a 
synclinal region, containing Oligocene beds. The surrounding district 
bears the uppermost plateau, the origin of which cannot therefore be 
later than pre- Middle Oligocene. 

(2) The second level (Jelovka) is younger, and seems to stretch over 
the (disturbed) Oligocene of the Wochein—perhaps of Mediterranean 
age (that of the beds in the Save embayment). 

(3) This may be a continuation, in the form of valleys, of the pene- 
plane which extends over much of the mountain area between Trieste 
and the Save. This latter is the main peneplane of the transitional region 
between Alps and Karst. On the Adriatic side it is dislocated by frac- 
tures, parallel to the trend of the Dinaric folds. [t has been considered to 
be of Pontian age. But even the common generalisation of Miocene can- 
not be verified, though it is certainly later than the main Oligocene 
folding. 

All that seems certain is that there arc, at several levels, one above the 
other, ancient form associations, of a subdued character, related to one 
another in the same way as piedmont flats; and that the approximate date 
of their formation is between Eocene and Upper Miocene. This was a 
time when vigorous crustal movements were in progress, making 1t most 
unlikely that these are end-peneplanes (Davisian peneplains) associated 
with tectonic rest. Some of the most nearly graded peneplanes to be 
found anywhere are in the Dinaric Karst; and the lower ones continue 
as valley floors into higher ones, just as with 4 piedmont stairway, The 
manner of development has been influenced by the soluble nuture of the 
limestone composing them; but here, as elsewhere, piedmont flats have 
grown at the expense of the land rising above them, The grandeur of the 
scale of these successive plateau steps in the Dinanc Mountains has at- 
tracted attention: Convex slopes, or convex breaks of gradient, separate 
them from one another. The plateau surfaces slope towards the main 
lines of drainage, from which the steps work back. ‘The intervalley 
divides of level I] disintegrate into inselhergs standing 400-500: m. 
above level III, and south-eastwards they merge into a higher plateau 
surface, South-east T'schitschenboden [Monti dei Vena] corresponds m 
altitude to level IT on the eastern slopes of the Julian Alps; and, like it, 1s 
on the mountain strip between the downfaulted zones of the Save and the 
Adriatic. Schneeberg of Carniola [M. Nevoso] seems to be an inselberg 
of level I. 

(a) Discounting the undulations of the gipfelfiur, its absolute height 
diminishes not only towards the northern and southern edges of the 
‘mountain system of the Alps, but also towards the eastern end of its 
general trend. On the summits of even the centrally lying ridge zones, 

ic FMA. 
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flattish and intermediate form associations are better preserved in this 
eastern purt. ‘They are analogous to the plateaux of the Calcareous Alps. 
The main relief features are independent of both structure (folds and 

(6) A further difference at the eastern end is that the undulations of 
the gipfelflur became sharper. ‘The zones of longitudinal valleys are-very 
ancient in origin—as is shown by the Middle or even Early ‘Tertiary 
strata in them, These have invaded zones which were relatively sub- 
siding, and mantled-a denudational relief. Continued crustal movement 
has distorted these beds, ‘The eastern end of the mountairis, especially in 
the Save valley, shows repeated alternation of sedimentation and denu- 
dation from Middle Oligocene to Lower Pliocene; but on the whole the 
deposits recede further and further from the mountains, and the areas of 
denudation expand. 

(c) This oscillation of the area of sedimentation is not confined to the 
Save embayment but is characteristic of the whole eastern end of the 
Alps as they plunge towards the Pannonian Plain. ‘That is, as in the 
zones of the continental massifs, the mountainland (here occupying the 
‘western, part) is separated from an area of continuous sedimentation (to 
the cast) by a zone of unconformities. 


(¢) ANATOLIA 

The great undulations along the strike, found in the east part of the 
Eastern Alps, are comparable to the tectonic type of broad folds. Research 
m_Anatolia first provided information about this structure. 

Two regions may be distinguished there: (a) the western part of the 
peninsula within the Dinaro-T'auric festoon: (6) the festoon itself. In (a), 
the broad folds, running east-west, are entirely independent of the way 
in which the strata are folded (the folding being of various ages from 
Palaeozoic to Oligocene). In (6), the strike of the broad folds coincides 
with that of the folded strata. In the western and Lycian Taurus, the age 
of folding is Eocene to Middle Oligocene: that of the broad f olding seems 
to be from Upper Oligocene to the present day, 

The deposits, laid down aa the broad folds rose, are found mainly 
within the troughs of the broad synclines. Their ages vary, in the indi- 
vidual regions, from Aquitanian to Levantine, These Neogene beda 
were laid down in areas of relative subsidence: but the latter do not 
everywhere coincide with the present synclines, having occupied a 
greater area in the Miocene period. Fresh anticlines, with east-west 
strike, huve arisen in the older broad synclines. ‘The regions of deposi- 
tion were divided up and also their area was decreased. Thus ome 
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ranges (the earlier ones) were never covered by Neogene beds, which 
occur only at their foot. Others were arched up beneath them, but have 
lost the greater part of them by contemporaneous denudation. Younger 
Neogene beds are found at the sides of these ranges, as strate correlated 
with their uplift and denudation. 

Earlier Neogene strata have often been distorted by later move- 
ments, and covered unconformably by later beds. ‘The unconformities 
within the Neogene sequence are not-all at the same stratigraphical level, 
so cannot be used for determining age. Several, one above another, may 
even occur in the same range. 

The anticlinal character of the mountain chains and the synclinal 
nature of the longitudinal depressians are shown by the facies and bed- 
ding of these Neogene strata. In general, the older horizons seem to have 
been pushed together more strangly than the younger ones. ‘This must 
have been due to tangential forces situated within the system of broad 
folding. Longitudinal faults are found in the west, where the broad folds 
have increased in amplitude (or relative height between ridge crest and 
trough floor). They die away towards the high land of the interior, horsts- 
giving place to anticlines, downfaulted troughs to synclines. 

The Bithynian Olympus (Keshish Dagh, now Ulu dag) is typical of 

an east-west range of rather early origin. It shows several levels, Level I, 

on the summit, is the oldest, and is hill country of subdued relief, with 
concave slopes and trough-like valleys. It doca not stretch far in an 
east-west direction, but is soon replaced by a ridge formed from the 
intersection of younger, steeper slopes, the continuation of those leading 
down from summit level | to a lower level which, on the north side of 
the range, forms an undulating piedmont surface (‘the upper terrace’) 
with its own systern of shallow valleys. On its lower side is a convex 
break of gradient leading to further steep slopes. Sometimes (north-east 
part) these are associated with the present-day valleys, which are work- 
ing upwards. Elsewhere (north-west) they end below in a lower pied- 
mont flat (surface [[[—the ‘lower terrace’, preserved mainly on inter- 
valley divides), which penctrates as valley floors into the upper region, 
Surface LIT has certain features in common with surface I; 

t. Due north and south of the central mountainland (1), surface IL is 
not present—cither it has never been formed or has been replaced by a 
younger steep relief, Westwards, it widens as surface I becomes lower 
and disa surface I] then occupying the summit of the range at a 
lower aiteade: Surface [1 is also found on the ndges between the valleys 
which issue on to surface ITT. 

2, Surfaces [l and [1] are both strongly warped in a direction at 
right angles to the atrike of the mountain range. The recent steep-walled 
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valley incisions are confined to the upwarped parts, and end above the 
convex break of gradient leading downwards. 

Surface IT] at the edge of the range stretches over on to the Neogene 
strata filling the Bursa-~Apulyont syneline. ‘The present-day valleys form 
surface IV. | 

Thus the higher eastern section of the range (east of the Ulfer Chai) 
shows the whole of the piedmont henchlands. Westward, as the range 
becomes lower in altitude, the upper surface vanishes; the uppermost 
picdmont fiat of the east becomes the summit level in the west, and the 
steep relief does not reach to as great an altitude: ‘Whe causes of erosion 
have affected the eastern and the western parts to a different degree. 
Erosion set in first where the piedmont flats are now most numerous, 4. 
where the area of denudation has been increasing. The range has grown 
much less in. width than in length and height. 

There are not yet sufficient data for accurate geological dating. But jt 
is possible that surface IIT originated at the Levantine stage, surface I] at 
some time in the Miocene period, and surface I as far back as the 
Oligocene. 

The western part of the Keshish Dagh belongs, like the coastal range 
between “Little Phrygia’ and the Sea of Marmora, to the more recent 
type of broad anticline. The gipfelflur, formed from the dissection of 
the ancient form associations of surface I, often reflects the brachyanti- 
¢linal structure of the broad folding. Surface II is found on both the 
wide depressions of the range crest (separating brachyantinal summits) 
and the later Tertiary beds in the broad synclines, showing how indi- 
vidual mountain uplifts grew together, by elongation along the strike, 
into a single range. 

[t seems certain that broad folding is a characteristic of the Graeco- 
Balkan Dinarids also; and probable that, in the north-western continun- 
tion towards the Alps, the morphological differences between the inner 
and the marginal parts are due merely to differences in the date of origin 
of broad folds. 


(@) Tne Annine System or RANces 

The chief characteristic of these is the alternat ion of more or jess 
closely ranged chains and depressions, similar to the Basin and Range 
structure of the western United States. lhe general explanation has been 
that of faulting, giving rise to tilted blocks. 

Although strike faults are present in the Cordillera of North and South 
America, it has never been proved that it is the rule for the ranges to be 
bounded by faults; and too often these have been assumed from morpho- 
Jogical criteria alone. F or flexures can produce the same effect of a steep, 
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straight edge; and when the presence of strike faults of great throw has 
been geologically proved, often there is no associated relief feature. The 
formation of the ranges is not primarily due to faulting; though, under 
certuin conditions, faults may accompany their formation, 

In some parts of the Argentine Andes, strata have been preserved 
which are correlated with denudation of the rising chains. They date 
from Upper Cretaceous to the present day. These help to show the 
broad fold nature of the basin and range structure, though morphological 
investigation is still at an early stage. 

The complex of the Sierra de Cordoba (rising from the Pampas) 
shows asymmetrical ranges, cach steeper on the western aide, which has 
been dissected into steep relief forms giving the impression of a steeply 
inclined fault, But the actual mean gradient is generally less than 11°— 
the average being 5°. ‘The steep relief forms are due to more vigorous 
dissection as contrasted with the longer (and gentler) eastern slope, which 
is less cut up and shows vast fragments of peneplane between its pre- 
cipitously incised valleys. The series of scarps are steps between pied- 
mont flats, Nevertheless, the interpretations offered have given an im- 
portant place to faulting, Peneplanes at different levels have been as- 
sumed to be dislocated parts of a single re-exposed Palaeozoic pene- 
plane—a theory which has now been disproved for the German High- 
lands. The variations in thickness within the Gondwana beds, and the 
way in which Permian, ‘Triassic, and Rhaetic strata tranegress directly 
on to the old folded substratum, seem to indicate that the Palaeozoic 
surface was no peneplane but mountainous in relief. The pencplanes 
of the Pampean sierras, like those of the German Highlands, are not 
ancient relics, but causally connected with the formation of the Andine 


In the Sterra de Cordoba complex, the highest and oldest peneplane 
levels are confined to the Sierra de Achala (part of the Sierra Grande). 
‘The uppermost has an altitude of over zoco metres, and above it rise 
inselbergs, the remnants of a disintegrated central mountaimland. Their 
flanks and those of the valley troughs on the pen cplane show the concave 
slopes of waning development. This surface (IT in fig. 19) is probably an 
end-peneplane, It is separated by concave slopes from the far more ex- 
tensive peneplane (III), 500 metres below it. In both cases the most 
extensive development is along the trend of the mountains and on the 
eastern slope. On the west, a narrow depression separates it from the 
Sierra de Pocho, On its eastern flank isa peneplane (IV, about 1000 
metres above 5.L.) having an upturned western edge, and sinking north- 
ward beneath the Pampa. Similarly, the Sierra Chica (east of the Sierra 
de Achala) has an eastward sloping peneplane (11) on its summit and a 
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steeper western side, Surface II], between it and the Sierra de Achala, 
funetions as a piedmont flat to both ranges. As it sinks north-westwards 
beneath the Pampa, it may merge into that over the northern end of the 
sierra Grande (which is somewhat south of it). If so, it shows arching, 
since that occupies a lower level at this latitude. | 

The deposits at the foot of the Sierra Chica seem to be of Lipper Cre- 
taceous and Tertiary age, and are thought to have formerly covered the 
range. Thus it appears likely, as fits in with more detailed investigation 
of the Sierras to the north-west, that the present surface forms belong to 
early Tertiary or even late Cretaceous times. 

By comparison with the higher ranges to the north-west, it seems as if 
the ridges of the Sierra de Cordoba are still at a relatively early stage of 
broad folding; and that they are of the type which increases in length and 
in phase as they grow in amplitude. 

In those parts of the mountain mass which adjoin the High Cordillera 
and the Puna de Atacama, and are attached to them, strike faults are 
characteristic structural elements over wide areas of the younger parts, 
but do not give rise to conspicuous relief features, They are often over- 
thrusts; and the Bolson of Santa Maria (Calchagqui Valley—Catamarea) 
is a broad syncline overthrust from both east and west. Further west, all 
the chams make for the rise of the Puna, which they cross as unfaulted 
anticlines. ‘There are, however, abrupt morphological changes when the 
Puna is entered. For its depressions lie higher, at about 2000 m. above 
sea level; whilst on the other side of the g000 to 5000 m. summits the 
bolson floors lie at 1000 m. "The majestic broad folds have here an even 
crest-line and bear peneplanes or the forms of medium relief on their 
stimmits (i.e. on the ranges of earlier origin), But the flanks and the ends, 
which sink beneath the alluvium of the lowlands, are dissected into steep 
relief, the plunging ends showing a gipfelflur of individual peaks. Such 
steep relief is found all over the ranges which have been proved to be of 
later origin, and convex curves are characteristic. The form association 
here (e.g. on the lower parts of the San Salvador Range dropping east to 
the Basin of Andagalé) is in sharp contrast, however, to that of the steep 
relief forms found on straight slopes of maximum gradient (e.g. the 
uppermost slopes of the same range). Sometimes these two types occur 
in widely separated areas; sometimes within the same zone of steep relief 
but well marked otf from each other. The intervalley divides of the ‘con- 
vex zane’, though a surface tangential to them would be humpy and not 
even, belong to a definitely lower level than that of the sharp edges in the 
crest region and on the western side. Since there is no difference in 
climate or rock materials, the explanation must be that in the former 
case the causes tending to replace convex curves by straight slopes of 


SUMMARY OF VII. 5 407 


maximum gradient (i.e, incréased erosional intensity) have not been in 
operation for so long as in the latter. 

Straight slopes, meeting to give a gipfelflur, do not necessarily mean 
uniformity of development. For after the maximum inclination has been 
reached (differing i in different rocks), further increase in erosive intensity 
cannot alter it; and it remains the same while the intensity is decreasing 
to that value which first produced it, The slope development is, there- 
fore, only pseudo-uniform. The gipfelflur does not lie at the level of the 
earlier, gentler forms, now removed. On the older ranges, where this has 
been preserved, it is seen to be separated from it by a perceptible differ- 
ence in altitude. Still less is it removed from it by an unlevelled fault 
line, as has been assumed for similar cases in other parts of the world, 
But ite altitude depends upon the character of the rock, as this influences 
the valley incisions. Its relative height increases with the steepness of the 
intersecting slopes of maximum gradient; and with the increase in dis- 
tance between adjacent valleys. What decides the absolute altitude is 
left for later consideration. 

The following form associations characterize the older type of broad 
folding (exemplified by the Sierra de Fiambala—c. sooo m. high where 
it enters the Puna), They are elongated i in the direction of the trend of 
the mountain ranges, but are limited to narrow strips, or are even absent, 
at right angles to this, 

(a) A peneplane of more or less extensive remnants—relief type | in 
fig. 20 B. It forms a summit peneplane with gentle slopes. These Jead 
by convex curvature to the wide valleys surrounding it (waxing 
development). Occasionally it is crowned by tors. The part near these 
is an end-peneplane, developed from a piedmont fiat (cf. p. 214), On 
some ranges, e.g. Famatina and Aconquija, there rise rounded, in- 
dividual summits bearing the remains of a yet higher peneplane 
(Nevado Famatina—6ooo m,, Cerro Palco—s300 m., and Nevado 
Aconquija—over $300 m1.}. 

(6) Medium relief. This includes 1] and [1 of fig. 20 B. IT comprises 
forms with the concave slopes of waning development which replace the 
lower parts of L The valleys are broad troughs, but may be 500 m. deep. 

IIE is a zone of steeper, convex forms, leading to deeper, narrower 
valleys fstill high-flying), with concave foot-slopes. showing the penctra- 
tion of waning development from below. 

(c) Steep relief—IV in fig. 20 B. It extends from the mountain foot to 
a sharp break of pradient (at 7500 m. on the Sierra de Fiambala), 
separating it from IJ. Maximum gradients have not been reached in 
IT because development has been interrupted by the appearance of this 
break of gradient. It is associated with increased erosional intensity 
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leading to the development of slopes of maximum gradient which 
spread upwards from the general base level of erosion. 

Towards the ends of the ranges, relief type II] forms the summit 
level, surfaces TT and I having both disappeared (fig. 20 C). 

Peneplane I, in relief type I, fig. 20 B, has the character of a piedmont 
Hat, though it may form the summit of ranges of later origin. It is a 
primary peneplane (sce pp. 212-215). The medium relief (1 and 
Tt) below it shows clear signs of warping, as seen in the alien forms 
of the gorges which traverse it, high above the young, stecp relief 
TV. They seem to peter out on to old bolson floors which have been 
dragged wp as the ranges increased in altitude, becoming tilted, and often 
worn into terraces by the encroachment of the steep relief [V from below. 
That this intensified doming of the broad anticlines persisted, during 
the stage when steep relief was developing, is shown by the way in which 
valley terraces of uplift converge towards the mountain foot. 

The form associations show a time sequence from above downwards, 
the characteristic feature being the increase in steepness of their slopes; 
Hattish relief is succeeded by medium relief and that by steep relief. As 
each steeper set of slope units and slope systems appeared, convex breaks 
of gradient developed, separating the form associations above them from 
their general base level of erosion, and so inducing the waning develop- 
ment which has dominated them up to the present day. It has gone 
furthest in that form association which has been longest separated from 
the general base level of erosion, ic. the oldest and highest stage. The 
fattish (primary) surface of the central mountainland is rarely left. Its 
piedmont fiat (1) and even relief IT show the concave slopes of waning 
development with wide valley troughs. Waning development is only 
Just beginning at the outer edges of relief IT] and js absent from relief 
type TY, 

A comparison of different stages of development shows that in later 
stages the central mountainland has been surrounded by a piedmont 
Hat, stretching out along the trend of the range. This means that as the 
ranges of earlier origin grew tn height (amplitude), they were also increasing 
in both length and width (phase). The Sierra de Cordoba, in a primitive 
state as compared with the high ranges of the Puna edge, exhibits this 
stage today, But younger and lower piedmont flats cannot be detected on 
the flanks of these ranges of earlier origin. So it follows that during the 
later stages of development, they continued to increase in length and ampli- 
tude (height), but not aiso m phase (width), Instead, warping of the existing 
relief cones took place. 

_ This is not altogether true of the later formed ranges, e.g. San Salvador 
(fig. 20, A 2), where very young piedmont flats (small-scale stairways of 


SUMMARY OF VII. 5 409 


them) are found in front of the mountain-foot proper. They have been 
terraced by streams flowing down the mountain slope; but the terraces 

reinal to the range as a whole and their longitudinal searps are the 
gitudinal streams. They show that there has been increase in 
phase during a late stage of development, the marginal stream having 
become pushed ever further towards the adjacent depression as the edges 
of this region of deposition became an area of denudation. 

The very youngest ranges of all have no piedmont flats, this showing 
that they fave not yet begun to increase in phase. As contrasted with older 
chains which are mo fonger increasing in phase, their form association of 
convex slopes is below, instead of above, the zone of steep relief (see fig. 
20, A2, as contrasted with 8 bh). 

Uniformity in development is proved when various ranges show simil- 
arity in the formation and arrangement of their slope units; but this does 
not mean simultaneity in the production of the corresponding forms. 
This has usually been assumed for the summit peneplanes found all 
over the world which, when at different altitudes, were assumed to be 
differently uplifted fragments of a single immense end-peneplane, the 
lower parts of which were at the bottom of areas of sedimentation. This 
preconception (associated with the erosion cycle as generally applied) 
prevented the recognition on the peneplanes of form associations peculiar 
to the mountain ranges on which they occur. But whenever strata, that 
can be correlated with the denudation, have been preserved (e.g. in the 
broad synclines of arid regions), it can be demonstrated that these 
assumed connections do not exist. 

In the Puna itself these strata are of volcanic materials; at 1te southern 

edge, of continental formations (Upper Cretaceous to present day). 
Their extraordinary thickness (up to ten kilometres), shows that they 
have been deposited on a relatively sinking substratum. The facies 
arrangement (coarse clastic mountain-foot material to fine sand) corro- 
borates this, It shows that the areas of sedimentation became narrowed 
and were divided up. "This means that fresh ranges appeared one after 
another, or that previously existing ranges grew in length, entering what 
had been zones of sedimentation. The attitude and facies of the cor- 
related strata are a‘sure means of distinguishing the relative age of a range 
or its parts. 
It is found that the peneplanes of the range summits pass over into 
unconformities, with a peneplanated appearance, when they reach the 
edges of the adjoining broad synclines; and they pass into stratification 
planes as the actual basin is approached. This proves that they are 
primary peneplanes, never having had any other form, It also gives the 
geological age. 
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On account of uplift, these primary peneplanes have been exposed to 
denudation. The unconformities have also been arched with them, and 
aré more steeply tilted the older they are. The stratigraphical age of the. 
deposits, and that only, gives the age of such peneplanes, and shows 
whether or not it is the same for those on the summmits-of different ranges. 

Fig; 21 A illustrates this diagrammatically for the neighbourhood of 
the Sierra de Fiambala. ‘The section passes through four ranges. The 
oldest is the Sierra de Fiambald, this being shown by the fact that the 
Lower Tertiary Calchaqui beds contain fragments of the rock type found 
here. The conglomerates (c &) of these strata surrounded the rising range. 
Westwards, they pass into formations of fine sands, lying conformably 
on the Upper Cretaceous sandstone. This is seen at the foot of the Sierra 
Narvaez, proving that it had not yet risen as a mountain range. These 
Calchaqui beds lie on what is seen (wherever accessible) to be an almost 
level surface of denudation. It is not possible, however, to decide with 
any certainty as.to which elements of the present mountain surface are of 
Lower Tertiary age. ‘The piedmont flat |, derived from a central moun- 
tainlund, seems to be correlated with the Tertiary Calchaqui beds: and 
the fact that the Upper Cretaceous sandstones east and west of the 
Sierra de Fiambald taper off towards the range itself, implies that at that 
period it was already separating two areas of deposition, Its fine grain 
indicates that the relief was but slight, Thus it seems likely that it was 
an Upper Cretaceous peneplane which formed the primary peneplane at 
the surface of the original summit of the range (now represented only by 
tors). Then, in Lower Tertiary times, a piedmont flat was formed round 
acentral mountainland, the dissection into valleys providing the material 
for the Calchaqui conglomerates. 

The under surface of the Puna strata (Middle Tertiary) is a parting 
plane which extends from the Bolson de Fiarmbali to near the Famatina 
Range. Here gravels of Lower Puna age, derived from the then rising 
‘Sierra Narvaez (Famatina Range) lic conforniably upon the Lower Ter- 
tiary Calchaqui sandstone. Between the Sierra de Fiambalé and the 
Sierra Narvaez was a wide depression, for the naw folded beds consist of 
Puna sandstone, which must have been deposited at a distance from the 
mountains, lying conformably on the Tertiary Calchagui conglomerates 
(as well as on the Lower Tertiary Calchaqui candstone). But at each side 
of this zone of conformability, the Puna beds transgress in a sharply 
marked unconformity over the disturbed substratum which had been 
levelled by it. ‘This unconformity passes over into the summit peneplane 
of the present Sierra Narvaez; and, on-the other side, into the hurnmocky 
level of relief 111 on the Sierra de Fiambala. This connection is shown by 
the overlying strata, the Upper Puna beds, Between the € alchaqui 
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Mountains (west of the Sierra de Fiambali) and the Famatina Range 
(Sierra de Narvaez), the under stirface of the Upper Puna beds can be 
traced as a parting plane; and here there later arose the youngest ridge of 
all (the Anchoca anticline). At the edge of the Famatina (Sierra Narvaez) 
range also, the coarse Upper Puna gravels transgress on to 4 surface with 
definite relief features, which indeed cannot be distinguished from the 
valley floors of the so-called High Terrace (of relief type I11). This same 
surface is quite smooth on the flanks of the Calchaqui Mountains, show- 
ing it to be a peneplane. ‘This [primary] peneplane would have continued 
as the upper surface of the Calchaqui Mountains, though it is only here 
and there that any summit peneplane ts now visible. 

The repeated alternation of facies, coarse to fine and back again, in 
ane und the same vertical section, is of importance (e.g. eastern edge of 
Calchaqui Mountains—fig. 21 A). It might be thought at first sight to 
imply alternations of uplift and standstill. But the strata show super- 
posed facies with different source regions, belonging to different ranges 
in differing states of development. As a range first appears, its denuda- 
tional derivatives are predominantly fine-grained; then, with greater up- 
lift, a coarse mountain-foot facies is laid down above them, and stretches 
out further and further into the area of deposition, "This 1s to be seen in 
the Calchaqui beds to the west of the Sierra de Fiambali, The coarse 
conglomerates extend further west in the upper layers, ‘The same is true 
for the Lower Puna beds, extending inwards from both the Sierra de 
Fiambalé and the Sierra Narvaez, and for the Upper Puna beds also (if 
the presence of the Calchaqut Mountains is neglected). Once a range has 
begun to produce coarse material, it continues doing so, up to the present 
time. ‘Thus sections through the present Calchaqui Mountains show, 
from lower Tertiary to Upper Puna strata, nothing but coarse deriva- 
tives of the Sierra de Fiambald; and this facies ts now forming huge 
alluvial cones at the base of this Sierra. Fragments from the Sierra 
Narvaez, of increasing coarseness from Lower Puna times to the present 
day, extend further and further into areas where the Lower Tertiary 
beds are of fine-grained material; while the fine-grained facies of Lower 
Puna times has not only been narrowed in extent, but has been pushed 
eastwards (towards the Sierra de Fiambald), so that it lies above the 
Lower Tertiary mountain-foot facies of the Calchaqui beds (fig. 21 A— 
pyt over ¢ k, beside the Calchaqui Mountains), The Upper Puna beds 
show corresponding features, their fine-grained material having been 
shifted westward as the Calchaqui Mountains rose. Finally, fine-grained 
Quaternary material occurs only in the central strip of the Bolson de 
Fiambalé. It is bordered by coarsely clastic talus and overlies course 
Lipper Puna gravels. 
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Thus, in successive periods there has been a horizontal displacement 
of the facies regions. The facies laid down at a distance from the moun- 
tains 16 restricted to that part of the trough which is lowest at the time; 
and, as fresh chains arise, this is not only narrowed down but also shifted 
east or west, Conditions along the present watercourses illustrate this. 

There is nothing in the facies arrangement to suggest alternations of 
uplift and tectonic repose. Each individual range has gone on. rising 
continuously, from its first appearance to the present day. Its gradients 
have therefore increased, leading to increased erosional intensity, Hence 
the grain size of the detritus has always been increasing. 

Somewhat different features are shown by the ranges which join the 
sierra de Fiambela eastwards and stretch into the Puna. In places their 
summits bear extensive remains of a peneplane, and downwarped por- 
tions of it now and then form broad surfaces on the mountain flanks, As 
a rule, however, it has been repiaced by a medium relief with convex 
slopes (type ITT) on its lower side. It is obviously later than the Lower 
Tertiary, since it passes over small scattered remnants of Upper Cre- 
taceous sandstones and Calchaqui conglomerates. In the depressions 
(e.g. San Fernando and Lampacillo) it seems to continue to the base of 
the Puna beds (of which only the upper division has been found here). 
The bordering ranges do not seem to have appeared, between the much 
older Sierras of Fiambalé and Aconquija—Cerros de los Animos, until 
the beginning of the Upper Tertiary. (At present this has been found 
‘true only for the parts south of the Puna.) 

The summit peneplane is of the same type as in the older ranges; 
though it is younger (corresponding to the under surface of py in the 
Calchaqui Mountains, in fig. 21 A). ‘There is not enough information to 
tell whether it 18 part of a very large surface which has been arched on 
the ranges and bent down in the depressions, This is not so where the 
ranges continue into the southern Puna (Laguna Bianca—Laguna 
Grande district) for there the summit peneplane passes across the val- 
canic deposits in the troughs instead of lying below them, and so must be 
younger than the floor of the depression. 

The southern Puns de Atacama ts also divided meridianwise by ranges 
anid depressions. No longitudinal faults have been found here, the mor- 
phological features being due to simple anticlinal folding which includes 
the superimposed volcanic material. In the Laguna Grande region the 
ranges, of rather youthful ongin, have preserved the summit peneplane. 
On the flanks, this is replaced by medium relief with convex slopes, 
which become concave (though just as steep and as deeply divided) 
towards the mountain-foot. Sometimes this waning development has 
reached to the summut. However, the very youngest of the form associa- 
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tions consists of steep slopes (convex or of maximum. inclination) appear- 
ing along the watercourses, in the few cases where these are powerful 
enough ta remove the rock waste. It penetrates from the edge of the 
sediments in the adjoining depression up to the sharply incised ravines 
and even to the flat floors of the trough valleys within which it produces 
a sharp break of gradient. Thus the prevalence of forma of waning de- 
velopment along the lower parts of the mountain flanks is not due to lack 
of relative height, but to the lack of constantly flowing water in this 
desert region. [tis only in the higher parts and on the steeper slopes that 
transport seems able to catch up with the formation of rock waste. 

It is characteristic for these ranges of more youthful origin to have the 
summit peneplane passing on to a lower disturbed stage of volcanic 
accumulation (perhaps equivalent to the Lower Puna beds), But some- 
times the flat surface seems never to have existed, e.g. the low ranges 
near the Salt Lake of Pairique (extending from the northern edge of the 
Bolson de Fiambali towards the very high Nevados de la Laguna Blanca 
(an old range)), Of very recent origin, they are completely disintegrated 
into a steep mountainland (though not of maximum gradient) with con- 
cave forms (fig. 21, C3). When there is no summit peneplane, its former 
existence is shown by scattered rounded eminences, with accordant 
heights, rising above a mountain landscape of concave slopes; or the 
whole summit is made up of flattish domes, On the whole, steepness of 
slope and valley depth increase from above downwards, becoming re- 
spectively gentler and shallower at the mountain-foot. In the Puna, it ts 
on the lower parts of the sides of the ranges that steep relicf (or the 
impression of it) is found. 

In the southern Puna (as in the Pampean sierras) the older ranges are 
characterised by greater height and breadth and by more denudation 
levels, e.g. the Nevados de la Laguna Blanca, with broad dome-like 
shapes appearing as if built up one above another. This is because they 
are peneplane levels separated by clearly marked convex slopes. 

Fig. 21, C and D, shows the central mountainland (1) surrounded by 

an elongated piedmont flat (11), its valleys having convex slopes. ‘The 
rae piedmont fiat (111) was overwhelmed by andesitic lavas flows. 
Together with the overlying beds, it was flexed into ranges and troughs 
af more recent origin, On the flanks of the older ranges, surface IL is also 
anticlinally arched. In consequence of the bending, the outer edge of the 
zone of convex slopes, between IT and ITIL, has therefore undergone an 
interesting transformation. It is slight towards the sinking ends of the 
range: but on the flanks, its increased gradient led to more rapid denuda- 
tion: so that on the eastern Hank of the Nevados de la Laguna Blanca it 
has been replaced by steeper slopes which join surface I] in a sharp 
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break of gradient, and on the lower side pass down with a concave slope 
into piedmont flat IV. ‘The effect of these steep slopes, overlooking the 
Laguna: Blanca basin, is that of facetted spurs—such as has, in North 
America, been taken as evidence of faulting, But there is no fault 
here. 

Piedmont flat TV is equivalent to the summit peneplane on the younger 
ranges, extending over the (older) andesitic formation and tts substratum, 


(e) GENERAL SURVEY 

All the mountain chains examined in this book have, in spite of diver- 
sities, shown agreement in fundamental features: 

(1) Division into ranges and longitudimal depressions; taken as a 
whole, these represent clongated domings of the crust; 

(2) Arrangement of form systems (slope units) and form associations 
—the fattest above, the steepest below; 

(3) Great extension of the form associations along the trend of the 
ranges, stall extension at right angles to this; 

(4) The longitudinal (strike) depressions between parallel ranges con- 
tain strata which are correlated with denudation on the ranges. 

‘There are great quantitative differences in regard to deposition, fault- 
ing and dissection by valleys; but these are not differences in type. They 
are found in various parts of the same mountain system, as well as in 
different systems of ranges. 

Folding is particularly important in the Eastern Alps; and an intimate, 
though obscure, connection may be presumed to exist between the 
folded structure and the broad folding that caused the height of the 
present ranges. Several of the nappes of the central Western Alps, and 
also the Aconcagua nappe of the Andes, seem to have resulted from 
broad anticlines; whilst the more recent ranges at the edge of the south- 
em Puna show imbricated structure, Where there is sufficient thickness 
in the complex of strata, the correlated beds have also shared in the fold- 
ing, a8 in the area just south of the Puna de Atacama. Since here the 
primary peneplane surface passes over the pile of recumbent folds, it 
indicates that the formation of the range began with the folding of the 
strata, 

Where there is. a suitable substructure, broad folding begins by com- 
pressing this, and it outlasts the compression. It is related to true folding 
in that it is the result of tangentially directed forces. In all stages of their 
development, broad folds grow predominantly in length and height, and 
in their advanced stages cease altogether to grow in width. In this, as in 
the narrow longitudinal form of the piedmont flats, they differ from the 
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more evenly spreading continental uplift of areas such as the German 
Highlands. 

Dissection by valleys often makes it ditficule or impossible to find 
evidence for peneplanes and piedmont flats. It seems as-if these were 
always present on ranges of early origin, but not on recently formed 
ranges. These latter are normally characterised by steep and medium 
relief forms. W. M. Davis considered their counterparts in the Basin 
Ranges and Mexico to be the remnants of tilted blocks which are 
approaching peneplanation. However, they show waxing development 
on their intervalley ridges. 

lf the younger ranges in the southern Puna are compared with the 
lower of the ‘Tibetan ranges, both agree in showing the roundish forms 
of medium relief. In the same way, the older ranges of the Puna and the 
higher ones. of Tibet both show summit peneplanes; and where these 
are replaced by intermediate form associations of medium relief, show 
the same change from convex intervalley ridge taps to concave foot- 
slopes. Central mountainlands are present in both. 

At the eastern end of the Tibetan Highland, the longitudinal depres- 
sions take the form of deep inaccessible nver gorges between broad 
flattish ridges. They are comparable, though on a far grander scale, to 
the longitudinal valleys of the Eastern Alps, in contrast to the flatter 
depressions between the ranges at the southern Puna edge. This is 
partly related to the moister climate with drainage to the ocean, like the 
greater dissection into sharp ridges of the Eastern Alps as contrasted 
with the Pampean sierras. But it is not entirely due to this; for the essen- 
tial factor in the differing degrees of dissection is differences in the 
causes leading to erosion in the various systems of ranges and their indi- 
vidual parts. This explains such anomalies as these: some of the bolsons 
of north-west Argentina (Fiambala and Caichaqui Valley) show con- 
tinuous sedimentation even though drained by rivers; whilat the Ana- 
tolian. type of broad syncline had repeated alternations of scouring and 
infilling. The high valleys of the ‘Inter-Andine Highland’, draining to 
the Amazon, have streams dissecting immense thicknesses of fluviatile 
and lacustrine deposits presumably laid down when this highland was 
not at such a great altitude above sea-level; whilst deposition is taking 
place now, as in ‘l'ertiary times, in the low-lying depressions of the 
(Columbian-Venezuelan humid tropical region. 

In North Amertca also there are found ranges with even crest lines, 
fiattish or intermediate form associations on the summits, and steep 
forms on the slopes—a complete contrast to the customary idea of a ‘sea 
of Alpine peaks’. They have been assumed to be tilted blocks, e.g. 
Wasatch Mountains, Sierra Nevada. But they are very similar to the 
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Pampean sierras and also to the ‘Tien Shan of central Asia. [In spite of 

Pleistocene glaciation, the Cascade Mountains still show remnants of a 

central mountainland, an extensive picdmont flat, intermediate forms 

below it, and then steep forms in the most recent valleys. 

The same holds for central Asia, where the piedmont steps used to be 
considered as parts of one gigantic faulted peneplane. ‘The unconformity 
below the Gobi sediments (dating back to the Upper Cretaceous) passes 
into a parting plane of stratification between the Tien Shan and Kashgar 
Mountains—this being comparable to what haa been observed at the 
southern edge of the Puna. The Tien Shan summit peneplane seems to 
be equivalent to this, and so is a primary peneplane; and there are 
repetitions of such levels on the heights and unconformities within the 
Gobi strata. 

in the central Asian depressions, as in those at the southern edge of 
the Puna, it can be seen, from the arrangement of coarse (mountain- 
foot) and finer deposits, that sedimentation occurred on a subsiding 
floor; and also that the strata at the edges have been dragged upwards 
and folded. As im the Anatolian broad syncline, the basin deposits often 
bear a low-level peneplane into which the valleys have been sunk, 

Folding has been able to occur, in connection with range formation, 
only where the sediments are present over considerable areas, and in 
suitable stratigraphical relationship to the rising chains (apparently the 
Tertiary deposits are unfolded in the interior of the western Tien Shan). 
It indicates tangential forces, and strike faults often become overthrusts 
(e.g. Tarim and Ferghana depressions. Cf. also the southern edge of 
the Puna). 

The growth of the mountain system as a whole differs somewhat from 
that of the individual ranges. Its general growth in height is shown not 
merely by increased elevation of the separate chains, but by the dissec- 
tion of the longitudinal depressions which have also been raised high up; 
by increasing coarseness of grain in the Gobi strata; and by the lifting of 
Lower Eocene marine strata to yooo metres above sea level (western 
Tien Shan). The correlated strata are themselves folded and form inde- 
pendent chains. The mountain system links fresh ranges to itself and 
pushes its periphery outwards. The same feature has also been noticed 
on the eastern side of the Andes in north-west Argentina. Growth in 
phase is shown by the appearance on their outer flanks of very recent, 
wide, piedmont flats, a very fine example occurring at the edge of the 
Russian Alta. Mountains of Alpine structure also show this widening by 
the addition of fresh folded elements and imbricated slices. Sometimes 
the old substructure itself is included in the disturbance (seen where 
stratified deposits are relatively thin), Systems of ranges behave differ- 
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ently from individual ranges in that they increase in phase as well as 
amplitude even in their most advanced stages of development. 

Deseriptions of the Altai system of ranges show that here, too, it 1s a 
matter of broad folding, and dissection into central mountainlands and 
piedmont Flats. 

Less is known about eastern and south-eastern Asia. But it seems 
likely from descriptions ‘of the Sunda region and New Guinea that 
similar features occur there also, 

It has not yet been proved geologically that all mountain systems of 
the world are associated with broad folding. But there ia great similarity 
in their configuration; and, in the systerns that have been closely exa- 
mined, this corresponds to similarity in development, both where broad 
folds have been proved to exist and where there is still uncertainty as to 
the tectonics. Thus uniformity has been established at least in the 
posing of the problem presented to us by crustal movements. 


lB 


The following papers contain important assessments of Walther 

Penck's work: 

Worm, A., Morphologische Analyse und Experiment, Schichtstufen- 
landschaft (pp. 1-24), Hangentwicklung, Einebnung, Piedmont- 
treppen (pp: 57-87). (@ertschnift fir Geotntorphologie (Leipzig) 
1935/70 Bd. DX). | 

Sprerrzen, H., Die Piedmonttreppen in der regionalen Geomorphologie 
(Erdkunde, Bd. V, Heit 4. 1951) (pp. 294-204). 
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GERMAN-ENGLISH GLOSSARY 


(of some of the words used in translating W. Penck’s 
Die Morphologische Analyse) 


Abdachung, {., slope 
Soncpeseey ES: flattening (lesserung of 


iewt) 
Apacane ang f., elope of diminiah- 


Sioiaenite Batedehrng, f., waning de. 
velopment (lit. descendi ing) 
Abtragung, £., denudation (lit, ‘carry. 
ing away’, not ‘laying bare’ a8 im 
the Eruplish t term) 
Aufberettuny, f., reduction. Aufberet- 
tung is a miningterm forwhich the 
best equivalent seema to be the 
English mining term ‘reduction’, 
in its sense of the preparation or 
dressing of ores by reducing them 
ta fine particles (not the chemical 
sense of the removal of oxygen). 
H.C,, however, ia thoroughly dis- 
satished with this aa 4 translation, 
und prefers ‘working up" (which 
has been used to translate dufar- 
beitung on ™ one occasion when 
Aufberei i defin { 
ae i co On p. 4, 
- ia practically 
ne” ond ‘disintegration’, 
Pe it difters from ‘weathering’ 
(see p. 40) in that mechanical 
reduction may be brought about 
by chemical weathering; ani from 
pure disintegration in that it alters 
composition as well as texture (p, 
4), W. Penck seems deliberately 
to have chosen an unusual word 
so that it may specially denote the 
way in which fragments of rock 
are reduced tn aize until 


collectively under the farce of 





yrauvity alone (what he calla ‘spon- | 


taneous” movernent (p, 44), ‘spon- 
Leno migration’ and “miass- 
_ movement’ (p. 74) 
insiaggh sh istry 
leone ing up (of moun- 





the mame a | 





| anfsteigende Entwicklung, £., waxing 


development (Lit. ascending) 
Anfodibung, f. doming, arching 


Bantoaster, n., reserves of water 

Bergiend, etn sentraley, n., a central 
mountamiond 

Bergschlipf, m., rock-slide 

Bergsiurz, m. (general term for) lond- 
muons landslip; (specifically) a fall 
of rock, ga contrasted with slumnp- 


ing 
Blockfeld, n., block field 
Biockeips ef, Tr,, Gor 
Mockmeer, 1, sea of rock, block sea 
Blockstram, m., block stream, atone 


Vver 
Aischung, f., dope, declivity 


Deckenschotter, m.,, outwush gravel 

Delle, £., dell (ased in w apicial arise, 
sce pf, 115) 

Ovrindation, f ., denudation 


Sagas. f,, (term used by J, Saleh), 
Big | ots en yy gebhmd niges 
genschaften, f., propertics (of racks) 
Bindechungshang, m., slope developed 
neath a covering (of water or 
___ alloviurn) 
eingelasten (valleys), sunk in (pene~ 
plane) 
engesenkt (einsenken), entrenched (of 
drainage net); worked down into 
(of denudation features); let down 
_ inte eg rae 
eInypectun eiminken), downsunken; 
entrenched 


einschiiciden, Incise 
eintiefen, deepen, incite 
endogen, isto (Orizinating from 


Endrumpf m., end-peneplane (p. 144) 
Endrumpffliche, £., Sek ee Lane 
 ecboinernar aad at the end of a cycle of 
erosion); final surface of trumcu- 

tion (p. t44) 





ais 


GERMAN-ENGLISH GLOSSARY 
| Grossattel, m., broad anticline 
Gru 


Erdfliessert, m., flowing soil 


exogen, exogenene (originating from | 


without) 
Exponition, {., expodure 


Fastebene, £., peneplain (p. 153) 
Felsenmeer, .; Sid peer Ries 
Pelaturz, m., rock=slide 
Fetitcand, f. rock wall, cliff, precipice 
frst, strong (rock) H. C. would prefer 
lid’ (as on p. 2), Gestemnfertig- 
ke we equated with Kohdnon (p. 


Flach: f., fattiah form 
Formen, F., (line!) forms 
Flachformen, flattigh forma (defined 
Mitafocice intermediate fi 
Mitte » intermediate forms 
idetined on po 131) 
Stelfermen, steep forme (defined on 
p. 131) 

Formenschatz, m., set (wealth, collec- 
tion) of land forms; land form 
Formryrtem, nt. slope unit (defined on 
p. #29). Ths term, used by J. 
Kesecli, prefered (by K.C.B.) 
to ‘form system’, esp. in Ch, V1, 
because if instantaneously con- 
veys the requisite picture, whilst 
Wig other expression does not do 


Phusshae ty » loot-alope (a more fen- 
eral tom than Fraldenhang (basal 
slope), one which seems to in- 
clude both the basal slape and all 
theslopesof diminishitey gradient) 

gehundene (Hevegung), bound-lown 
(movement) 


re prcinge i m,, Sctee materia), talus 

oie, f,, modelling, aculphiring, 
shaping, form 

Geatet 


fi “Ses red f., rock reduction 
(ace rg) 
gem F;, nature of the 


Gerfeintchcimakior, m 

Giieomnton f(A \ rac 

Tettemorarur, f., (Alapasmyg an), rock 
material (adaptation to) 

Gesternmver/uilinisee, m., character of 
the rock (fit. rock conditions), (de- 
fined on p..19) 

Ce alioae broad foldi 

I el parenge olcing | 

(rrosmulde, f,, broad ayncline 






. Channcterrstics 


419 


ndaufdectearny, f, (term uaed by J. 
Stich), basement ing (un- 
covering the sal tires olded. ar 

erystalling rocks beneath « strati- 
Red cover) 


Halde, f., talus; scree (p. 67) 
Haldenbewegune, f., dumping move- 


Haldenhang, m., basal slope (the lees 
steep slog found at the foot of a 
rock wall, uniilly beneath at ac- 
cumulation a pare Defined on 
pp. 93, 135. [tia the t rt of 
the Pusswing or fi Ree Nita Thich 
includes all the slopes of dimin- 
ishing gradient) 

iieincnse gers »™., the top on the basal 

ope (where if meets 
rock wull) See 

Hang, m., slope 

Hangrystem, n., slope system 

Hartling, m., residual (or monndnock) 
of resistant rock 

Hochgebtrgsrelicf, n., Alpine relief 

Hilungertaltung, {., altitudinal form, 
altitudinal rrvocdadldiice: altitudinal 

tion, modelling of the 
height 


Aerte, f., sharply V-shaped valley 

Alp Ae , crag, (granite) tor 

Ke _ f. coherence (nate 99) 

Sat clode cohesion 

Kerra, f., cormasion (definition of 
W, Penck’s usage on p. riz) 

horrelaten Sechichten, f., corre 
strata (formed fromthe prod ticts of 
denudation and so correlated with 
the period at which the denuda- 
tion took place. ‘Throughout the 
book W Penck wees the term in 
thin sensc) 

Aappe, f,, donne, rournled summit 

hapmg, hummocky 


faite “onen, f,, (der Ercdlkruste), zones 
oof instability 
Landtinfe, €, cuesta scarp 


seater f, pl. (often translated), mat- 
Moastenbercegungen, f., maee-tovement 


Mfartenstrom, m., inas-strenrm 
Maitsenfransport, m., mass-transport 


Massenverlagerung, .m., transference of 
maternal 

iinafars, f., intermediate (relief) 
Mitteigcbirge (deutsche), n. (German) 
Mittelzebirgsrelicf, n., highland relief 

Mittelrelief, n., mediurn relief 

Bee aS mi, mosor (see English-Ger- 


Mulde. € f., trough, syneline 

Muldental, n., trough-shaped valley 

Mure, f., wet avalanche of exrthy 
material, occurring in the Alps 


Shideitiiaia: f,, piedmont flat 

Piedmonttreppe, t,, piedmont bench- 
lands, piedmont stairway 

Primdrrumpf, m., primary peneplane 
(defined p. 215) 


wetschochiinnms tra » (tein used 
by Ei yietih Heim), flow of sqqucezed 
mw 


Relieftypen, f,, relief types (p. 151) 
Hochgeinrgirettef,, Alpine relief 
Mittelgebirgformen, Highland 

(relief) forme 
Mittelreti -mecum relief 
Ruempfilachen, peneplanes 

Steilrelief, stecp relief 

rizvinde: Waster, n., water in tiny 
streamicts, tickling water 

Wearter, n., streamleta, rivu- 
dete; trickling water (p. £23) 

Ricken, m,, ridge, broad ridge 

Rumpfebenc, f., peneplain (note 227, 
Pp. 339) 

Rumpiiidche, £., peneplane (W, Penck 
wars Rumpffliiche purely to ex- 
preset relief, with no implication 
mi to position in the cycle of ero- 
sion. To distinguiah it from the 
Davisian peneplain, which W. 
Penck writes as Penepiain, the 
apelling ‘peneplune” i tesed) since 
“‘peneplane (Ri scemed unneces- 
ced clumsy); surface of trunca- 


Rtchang, £., slumping (rype of landl- 
alide); landslip (sometimes, fo 
avoid verbal repetition) 





GERMAN-ENGLISH 


GLOSSARY 


Sarfel, m., anticline 
siesta f., divide iwarersnec 
Schaltvtrampiich, £ + AMM pene= 


Schithtstafentand, n., cuesta landscape, 
acurplancts 
Sgemeids f., ndge, sharp ridge, knife- 
edge 
Schneideraone, f., zone of ridges, ridge 


Sehubfiche, f., slip plane (for fand- 


ali 
Stitt, m., rubble, detritus, rock 
wate, debris 


Schuttfliesen, n,, lowing rock waste 

Schutthalde, £., scree 

Schuttstrom, m., stream of detritus 

Schuttwdife, m., rubble ramparts 

Schtvelle (roitteldeutsche), £., (central 
German) rise 

Soltfuktion, f., aolifuction 

Stemuchlag, m,, rock-fall (on a small 


) 
Stockwerhlandschaft, f., storeyed land- 


| Strewcken, m., strike, trend 


Strustur, f., (petr.) texture, (earth's 
cust) structure 
Stufe, f, atep, scarp 


einer hte f., vistble surface (of 


Tallichte, f., distance apart of the upper 
edges of a valley, measured at 
right angles to ita trend 

Textur, f, (petr.), structure 

Trogtal, n., trough valley 


Cimprdgung, £., reconstitution (of rock, 
inthe substructure) 
C'ntertan, m., subatructure 


berbernd, IT, frock) fabric 


Wand (for Felmoand), rock wall, cliff, 
rock face, precipice 


sentrales Bergland, n., central meuun- 
tainland 

zerfallen, disintegrate 

Aeugenberg, m., residual 

Zungenbechen, n., terminal basin {of a 
glacier) 


ENGLISH-GERMAN GLOSSARY 
(of sume of the words used in translating W. Penck's 
Morphaloyical Analyen of Land Forma) 


Alpine relief, Hochgeturgrreligf, 1. (p. 
131), alptnes Relief (p.230) 
altitudinal form, altitudinal modelling, 


anticline, Satiel, m. . 
arching, Aufdliuny, £. 
aréte, Graf, m. 


basal slope, Haldeniang, m. (defined 
an pp. 93, 135). The lesa steep 
slope found ut the bottom of a 
steep rock face, usually covered 
by an accumulation of talus 

busement etnipping, Grundayfdeckung, 
f. (see German word) 

block field, Alockfeld, n. 

block sea, Blockmeer, ni: 

block stream Blochstrom, mi. 

bound-down ot? ieee gejundene 


( Heregung 
boenking. up (of mountun masses), 


broad folding, Grorefaltung, f. 
broad syneline, Grosmulde{ 


ceritral fouriainiand, sentraies Berg- 


Ghaaee of the rock, Gertermrverhait- 
msse, mn. (defined on p. 1g). CAs 
"rock conditions’ is not a normal 
English expression for all that is 
included in this term, ‘character’ 
hae been used wherever it cocurs, 
as having a wider implication 
than ‘nature of the rock’, which is 
used throughout for Getteiashe- 
tchaffentert) 
characteristics of the rock, Geuferrs- 
charakier, m. 
cliff, Ward, Felresund, f. 
cohesion, Kohden, f. 
coherence, Kohiirens, f. 
corrasion, Korrasion, f. 
correlated strata, dorrelate Schichten, 
f (used by W. Penck to denote 


beds correlated in time with the 
denudation which hes produced 
the material for therri) 

crag, Klippe, f. 

cuestu landscape, Schichtitufentand, n, 

ctresta scarp, Lanaitufe, f. 


debris, Schuetl, rm, 

dell (in the special sense of « depres- 
gion up-valley from the source of 
astream), Delle, f. 

Jentidation, litraguny, f., Demadafior, 
f, (Abtragumyg, lit. means “carrying 
away’, Whilst Dewdotion means 
‘Jaying bare’) 

detritus, Schwt?, m. 

diminishing gradient (slope of), Ab- 
flachungshang, f. 

disintegrate, serfalien 

divide (watershed), Schride, f. 

donw (-ahaped mountain), Dom, m., 
Kuppe, f. 

duming, Aufwdlluny, f. 

downsunken, engemnken 


ndogenetic, endogen 
cnd-panertene, Radhanpiidche,  b 
Endnampf, mr. 


entrenched, A Se (rarely «inpe- 
tunken) 

exogenctic, exagen 

exposure, Exposition, f. 


fabric (of rock), Merband, m.- 
fault trouh, Graben, n. 
flattening, lbflachwng, £. 
farrish form, Plachformen, f, 
flowing rock waste, fliessender Schutt, mi, 
mane ae Fuashang, m. (apparently 
uding both basul slope and 
ce Mapes of diminishing gruli- 
ent 
form, Form, f. (a smaller feature than) 
Gestalt, F,, Grentaltieng, / 
stecp forms, Stetiformen, f. 
intermediate forma, Mittelformen, fF, 
flattish forma, Flachformen, f. 


=] 


422 


face touching accordant sumunits) 
highland relief, Mittelpebirgsreliel’, n. 
Hest Gatiinl Maveesiiee 
tal ne), 1. 
hummocky, Auppig 
incise, nuchieiden, sometimes en- 
tefen 


tiotabiliey, zones Of, labile Zomen, 
intermediate (relief) forme, Mitre: 
formen, fF. 


knife-eidlges (ridges), Schnetden, f. 


lanl form, Landform,f, (rarely used) 
lind forms (act of wealth of), Mormen- 


tchats, 1m, 
landstide, landulip, Bergsturs, rn, 


mass-movement, Hanenbetcegung, f, 

mass-stream, Massenstrom, rm. 

mass-transpart, Matsentransport, m. 

material, (often ised to trunalute) 
Mazo, f. pl. 

medium relief, MWitrelrelies, mn. 

eening ot the height, Aihengertal- 
Puaster, * 

monadnock (of specially resistant 
rock), Hartling, mi: 

mosor, Woror (residual mountain, 
named after Mosor Mts. in Dal- 


muatia) 
mountainiund, central, sentrales Herg- 
f ¥ i, 


cheng rock, Geatetnsberchaffen- 
: i. r 


outwash gravel, Deckenschotier, m, 
penepluin, (reserved for) Peneplain, f., 
Fastebene, {2 (W. ck 


Endrumpfidche; although, aa C. 
A. Cotton points out (Landscape, 

p. 185, note t, tated. 1941) Davis’ 
plain ia a penultimate actual 
peneplone, (heres OF CONnVenicnce, 
to translate) Rumpjildche, £., (ta 
distinguish it from the Devisian 


piedmont benchlands, Piedmonttreppe, | 





ENGLISH-GERMAN GLOSSARY 
gipfelilur, Gipfelflur, f. (itnaginary wur- | 


Piedmont Hut, Predmonrfliche, f, 

piedmont stairway, Predmontireppe, f. 

precipice, Felsteand, f. (occasionally 
tran lated! this) 

priniary Soto niet Primdrrump}, om. 


| Propertics (of a rock), Figenschaften, f, 


recumstitution (of rock, im the subs 
Structure), Clrnpraeuny, f 
redinction (of rock), Alufbereitung, ‘f. 
Defined on p. 4 (see note on the 
German word) 
telicf types, Refiefiypen, £ tree p. 141) 
steep relief, Steiirelie/, n. 
medium relief, Afittelrelief, 1. 
peneplanes, Ruonpiichen, f. 
rescrves of water, Banhtcasser, ni, 
residual (mountain), Zewgenberg, mn, 
teandual of specially resistant mck, 
Hartling, m. 
ridge (broad), Ricken, m. 
ndge isharp), Schneide, 
nde zones, Schuedensone, f. 
rift valley, (rraben, m. 
Rise (central German), Scheetie (mit- 
teldeuteche), f 
nivulets, rinnendes Wasser, n. 
rock face, (sumetinics sed to trans- 
late) H’and, f. 
rock-fall, Stesuchlag, om, (amall); Berg- 
_étiers, m., (considerable size) 
rock glacier, ‘rock glacier’ 
rock material (adaptation of forme to), 
Gettemoatur, f. (Anpastung an) 
rock sea, eco of rock, block sea, Alok. 
meer, n.; occasionally Felsenmeer, 


fi. 
rock-slide, Bergechlipf. m.. Feliuturs, 
Mm 





rock atream, ‘roch stream" 

rock wall, Felsroand, f. 

rock waste, Schutt, m. 

rourded summit, Awppe, £. 

rubble, Seti, rv. 

rubble ramparts, Schuttewalle, m. 
running water, ficemder Waser, n. 


Sauser beds, Satceischichten, t. (zone 
of Ammoniter Sauzed \ 

scarp, Stufe, f. 

écarplands, Schuchitufentand, n. 

scree, Schutthalde, €., (rarely) Halde, f. 

scree material, eichinctt, mi, 

set of land forms, Formenschats, m. 

sharply incised V-shaped valley, Kerb- 
tal, n., Kerbe, £. 


ENGLISH-GERMAN GLOSSARY 


ee te Treen: 


|, Th 
slope developed beneath a covering (of 
eee or alluvium), Hindeckungs- 


eo of diminishing gradient, Abfla- 
iewees system, aaeowen: fn. 

slope unit, Formsystem, n. (defined on 

. 229. ‘Slope unit’, when used in 

ater PRESALCS gt once conveys 

the image in a way that 

the English ‘form syatem” doce 


mayt} 
ureping, Rutschung, f. 
rolifuction, Safiffudctron, T, 
Sista (migration), sportane (db 
efined on 5 pad 





strime, Mm. 

steps on intervalley dees 'Echen’, f. 
(J. S0lch's nomenclature) 

stone iver, Blockstram, m. (Stetn- 
strfime as tithe of bok, n. pga) 


atreamiets, rinnendes 1 ateer, n 

storeved eee. Stacktcerkland- 
Ta 

strong (rock), feat 

structure (petr.), Textur, f. 


423 
substructure, C/aterbow, m. 
| summit peneplane, Scheitelrump/- 


fiche, 
sunk in (a peneplane), er cnpstst 
superstructure, 


eynchine, Mulde, f. 


aynclinal, synktinal 


talus, Malde, f.,G 
terminal hasin ‘of 
herken, mi 


texture (pees Strukiur, f. 
top of basal slope, Aaldrnechettel, m, 
tor, Blockgipfel, m., Kippe (Granit), f. 


eichutt, mi 
acier), “Aungen- 


tickling water, rieslede: Wearer, n.; 
rinnendet eee Ly tz3) 
tringh, JAfulde, f. 


trough-faulted nature, Grabennatur, f, 
trough-shaped valley, flame ni 
trough valley, Tregial, 

truncation, surface of,  Rumpifldche, f. 


visible surface (of rock), Tagesoher- 


flache, f. 


waning development, abtteygende Ent- 
eccicAlung, f. (lit. descending) 

waxing development, aufrteigende Aint- 
toucklung, f, (lit, ascending) 

weathenng,. Vertcifternng, £. 


IN 


DEX 


(This indexcovers pp, i354 only and does not inchide the summurics, 
PP- 355-417) 





Foreland, 
Altai, 295-296, 
Altitadinal Form, 30-33 
‘Ampferer, O,, 395, 33 
Anatolia, 24.6—2 


, “254, 298, 342-344 

Anderson, J. G., 319, 320, 323. 

Andersson, J. Gs, 105, 106 

Appalachians, 33, 224-226 
ppennines, 335 

Amold, B., 376 


Badlands, 325 

Baker, C. 1, 255 

Banat, Mountains, 125 

Hurgmann, F.J,, 316 

Bartling, R., 303 

Basal slopes, 93, 139-137, 141 
"Basement stripping,” 104 

Basin range structure, 2§5, 29%, 327, 


445. 

Bauer, M.. ato 
Bauer, P.P., 329 
Beder, R...347 
Behr, F. M., 322 
Behrend, F., 196, +29, 330 
Behrmann, W., 83, 102, 313, 419, 320 
Betnmelen, J. M.-vun, 305 
Mack Forest, 158, 177, 197, 213, 329 
Blackwelder, 303 
| »E,, 305, JOT 

lanckenhorn, At., 313 
Blandford, W.T., 318 
Block Seas, 66-72, 314 
Blue Mountain, 225 
Hifimeke, 706 
Bidenbender, G.. 257, 299, 347 
Boeke, H. E., 305 
Bornhardt, W,, 326 


Brackebusch, L., 346, 347,449 
Brandt, B., 315, 320 

| Branner, J. C., 311, 320 
Braun, G;, Of, 102, JO1, 312, 320, 233. 


335 

Rndgman, P. W...39 

Brigham, W., 305 

Brickner, E., 95, 316, 317, 319, 335, 
339, 340 

Bicking, H., 310 

Burre, ©., 304 


Calchaqui Mountains, 273-275, 286 

Campbell, M. BR. 335 

Celebea, Island of, ag 

Central German Kise, 2, 183, 222 

Chelius, C., 312 

Clarke, F, W., q10 . 

Climute, ¢ffect on soils, 37-61 

Climatic soils,.42, 57-61, 307, 410 

Cloos, H., 175, 190, 315, 327-420 

Collies, G. L., 196; 370 

Colltids, 42-44 

Constantinople, 306 

Continental masses, 22-23 

Conway, M., 318 

Coppe, 5. R., 322 

Comu, F., 307 

(Corragion, 121=118, t21—1taz 

valleys, t11-178 

Correlated deposita arid strata, 3-5, 
29, 247, 272 

Cretaceous formations, 454 

Cross, W., 317 

Crustal movernents, 2-3, 3-7, 14-16, 

_ 30-44, joz 

Cunnans, §. F., 445 

Cushman, A. D., 41 

Crigit, J. 250 340 


Daly, R, A. 300, 302, 

Danube, val ie of. paces 

Darton, N. H.,. 324, 325, 346 

Darwin, C., 321 

Davis, W..M., 7, 8, ro, 12, 16; 42, 24, 
| iS3. 171, 195, 226, 255, 285, 301, 
| aa - 920, 325-327, 334, 535. 344, 
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INDEX 


Davison, C., 314,355 
Dells, 08 
Demidation, 3, 4, 713, 15-16, 73, 
Fay LEZ, $24. 122, 324, 325 
‘base levela of, 127-129, 134, 126, 
140, 149, t§0, 161-180 
intensity of, G2-05, Fr, 144, 150, 
151, 1OB-170 
ons of, 122-124 
rel: to climate, tg-T20 


Detzner, H., 29% 


-—6dDiagensis, 36 

Differential method, 14-06 

Diller, J. CL 254 

Dinaricde (Dinaric Mountains), 27, 
244, 349, 44 

‘Bistel, | 337 

Dolomites, 236 

Dutton, C. E., 254 


Earth, black, ¢¢-61, 309-310 
brown, 39-61, jog-310 

red, 43, 59-O1, 307, 380-311 
yellow, so-61, 700 

Earth's crust, altitudinal form, 24 
composition, 19 
method of formation, 24 
structure, 19, 23, 362 

"Ecken,” 230 

Ehrenberg, P., 56.307 

Ebuvial soils, 41 
r tic forces and processes, 

a6, pets r-1h 
Englisch, T 2) 183 


et | e: H,, 67; 312 
See 175, 327 
Erosion, Visit ALAN of, 157-101 
hase level of, 7-188, 225-129, 323 
concept of, 121-127 
cycles, 7-10, 15-16 
decreuse of, 151, £52, 155, 150 
headward, 199 | 
intensity of, 44, 147, rgo-1bo, 
178-150, 192; 193, 345 
, to 
Erzgebiree, 2t2, 226 
Etna, Mount, z12 
cf 1¢ forces and processes, I-6, 
10~13, 15-16 
eb et §2-55 
renewal of, 62-65, 141-149 





Facetted spurs, 254, 346 

Falkland islands, tof-107, qzI-322 
"Fault Block Mountains,’ 201 
Fennema, R., 319 


| Fuchs, T 
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